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ABSTRACT
Investigations have "been carried out to find suitable chromium(II.) 
salts for preparative reactions in non-aqueous solvents, since the 
presence of water can lead to oxidation, even under nitrogen, and to 
failure to complex with weak donor ligands. All the chromium(ll) 
compounds have had to be handled under nitrogen or in vacuo, and 
apparatus previously used by others has been modified to overcome 
difficulties caused by attack of solvents on greased taps and joints.
Although insoluble in acetone alone, anhydrous chromium(ll) 
chloride and bromide have been found to dissolve in acetone in the 
presence of small quantities of methanol. Another new way of 
preparing a non-hydroxylic solution of chromium(ll) chloride which has 
been developed is to dissolve chromium metal directly in tetrahydro-• 
furan through which gaseous hydrogen chloride is being passed.
A number of new complexes of chromium(ll) halides with urea, 
R-methylurea, biuret, methanol, tetrahydrofuran, thiourea, IT,!!1-* 
ethylenethiourea and HjH’-dicyclohexylthiourea have been prepared 
using these solutions, and their properties investigated by 
spectroscopic (35?000 - 'JO cm and magnetic techniques. Colour 
changes suggested that triphenylphosphine and l,2-bis(diphenyl- 
phosphino)ethane coordinate weakly with chromium(ll), but no 
complexes could be isolated.
It has not been possible to conclude with certainty whether 
two complexes, CrBr^. jiRjlP-ethylenethiourea and CrBr^^l'JjN'-dicyclo- 
hexylthiourea, are five or six coordinate, but all the others are 
six coordinate with monomeric or polymeric structures. Infra-red
- 3 -
results indicate that all the complexes contain either metal— 
oxygen or metal-sulphur bonds? but some of the substituted thiourea 
complexes may also contain metal-nitrogen bonds.
An investigation of the action of tri(isobutyl)aluminium on 
solutions of chromium(ll) chloride and acetylacetonate in the 
presence of substituted phosphine and gaseous nitrogen failed to 
produce any isolable products. Reduction appeared to have taken 
place? but extensive obscuring of the visible region of the spectrum 
by charge-transfer bands made deductions inconclusive.
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Chemical Abbreviations
acacE . . . . . acetylacetone
bipy . . . 2?2 ’-bipyridyl
bu . . . . . . biuret
cyclam . .
dap . . . . • . l,3-T3ropanediamine
dctu . . . . . N,H*-dicyclohexylthiourea
detu . . . . . ITjIP-diethylthiourea
diars * • . . -. o-phenylenebis(dimethylarsine)
dien * • . . , diethylenetriamine
drap . . . . . . 1 ,2-diamino-2-methylpropane
DPM . . . . . . dipivaloylmethane
DI'iSO • • • . . dimethylsulphoxide
en . • . • . . ethyl-enediamine
etu . . . . . . NjN’-etbylenethiourea
MepyrrLi . . l-methyl-2-lithium pyrrolyl
Me^tren . . . . tris(2-dimethylaminoethyl)amine
meurea . • . . H-methylurea
HHg-SMe . . . . methylmercaptoaniline
m 3 . . . . . . tris(2-diphenylphosphino)amine
h 3p . . . . . . bis(2-diethylaminoethyl)-(2-diphenylphosphino
-ethyl)amine
pc . . . . . . phthalocyanine
pic . . . . . , 2-aminomethylpyridine (2-ricolylamine)
pn * • . . . • 152-pronanediamine
P.T.F.E. . . . polytetrafluoroethylene
py . . . . . . pyridine
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Chemical Abbreviations (continued)
pyrrH....... pyrrole
TU P.........  tetrahydrofuran
t u ......... thiourea
Abbreviations used in Figures and gables
b . . . . . .  .. broad
B.M. . . . . .  Bohr Magneton
. . . . . .  atomic susceptibility
m ...........  medium
s . . . . . .  . strong
sf  ....... spin-forbidden
s h ....... . shoulder
Pg . . . . . .  effective magnetic moment
v ............ frequency
v ........... -weak
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CHAPTER 1 
INTRODUCTION
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The present knowledge of the chemistry of chromium(ll) has 
nearly all "been accumulated in the last ten years* The high 
susceptibility of chromium(ll) compounds to aerial oxidation
hindered their preparation and study until the development of
1 2  3 efficient glove boxes 9 , nitrogen lines and vacuum lines. The
discovery that chromium(ll) salts could be prepared in solution
by the dissolution of spectroscopically pure chromium metal in
4 5acid under anaerobic conditions 9 , afforded a relatively simple
way of preparing parent substances, and thus greatly facilitated
the preparation of complex compounds.
A comprehensive survey of all the chromium(ll) compounds
6 7reported in the literature up to 1972 is given by Patel , Trigg 
and Khamar^. Other compounds reported later are given in Table 1.1.
The majority of these compounds are either simple salts, 
double salts, carboxylates, or chromium(ll) halide complexes 
containing nitrogen donor ligands. The only complexes of chromium(ll) 
halides containing oxygen or phosphorus donor ligands are listed 
in Table 1.2. No complexes of chromium(ll) halides containing 
sulphur donor ligands have been previously reported, with the 
exception of the dialkyldithiocarbamato-complexes listed in 
Table 1.1.
Prom its position in the Periodic Table, chromium would be 
expected to show predominantly Class A behaviour in its normal 
oxidation states. It should therefore tend to form more thermo­
dynamically stable complexes with oxygen and nitrogen donor ligands 
than with phosphorus or sulphur donor ligands.
Difficulties encountered by other workers qualitatively support
- 11 . -
TABLE 1.1
Compound u (B.MeJ at 300°K e Reference
Dialkyldithiocarbamaio -complexes
Cr[(CH^)2l'!CS2^ ]2 4.46 9, 9a
Cr^CCHjJgNCSgCl] 3.26 9i 9a
Cr[(CgH5)217CS2]2 3.95 9, 9a
Cr[(C2H5)gHCSgCl] 2.68 9, 9a
cr[C4H8KCs2]2 - 4.38 9, 9a ■
2—Methylmercapt o-Ani1iiie complexes
Cr(HH -SMe) Cl .4H20 5.37 9
Cr(iJH2-SMe)2I2.2H20 3.56 • 9
Halogen-Substituted Py:c*idine Comdexes
Cr(3,5-dichloropy)2C12 4-73 8
Cr(3>5-^ichloropy)2Br2 4.71 8
Cr(3,5-dichloropy)2I2 4.70 8
Cr(3,5-dichloropy) I2 4.84 8
Cr(3-chloropy)2C12 4.12 8
Cr(3-chloropy)2Br2 4.54 8
Cr(3-chloropy)2(H20)2I,? 4.81 8
Cr(3-bromopy)2C12 4.61 8
Cr(3-bromopy)2Br2 4.60 8
Cr(3-bromopy)2{H20)2I2 4.85 8
Cr(3-iodopy)2Cl2 4.66 8
Cr(3-iodopy)2Br2 4.71 8
Cr(3-iodopy)2I2 4.63 8
Cr(3-bromopy)2I2 4 .6 4 8
(contd...
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TABLE 1,1 (continued)
Compound u (B.I-I,) at 300°K e Eeference
Methyl substituted pyridine complexes
Cr(p-pic)2Cl2 4-65 • 8
Cr(p-pic)4Cl2 4*86 8
Cr(p-pic)2Br2 4.80 .8
Cr(p-pio)4Br2 4.93 8
C3?(p~pic)2(H20)2I2 4.92 8
Cr(p~pic)4I2 4.88 8
Cr(y-pic)2Cl2 4.74 8
Cr(y-pic)4Cl2 4.82 8
Cr(y-pic)2Bi*2 . 4.64 8
Cr(y-pic)4Br2 4.96 8
Cr(y~pic)2(H20)2I2 4.91 8
Cr(y-pic)4I2 4.93 8
Miscellaneous Comdexes
Cr(THP)2Cl2 4.71 10
Cr[](Me^ tren)Br]]Br 11
Cr(K3PBr)BPh4 4.97 12
Cr(BP^Cl)BPh4 4 .6 2 12
Cr(NP3Br)BPh4 4.55 12
Cr(MP3l)BPh4 4.95 12
Cr(MO)[N(SiMe3) 2] 3 diamagnetic 13
Cr[N(SiMe3)2]2(THP) 2 4.93 13
K4Cr(pyrr) 6 • - 13a
Li3Cr2 (pyrr) ^ «UDioxane - 13a
Cr(pyrr)2.2dioxane - 13a
Cr(Mepyrr) 2 - 13a
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this prediction, Issleib and Frohlich reported that the substituted 
phosphine complexes of chromium(ll) and chromium(ill) were readily 
cleaved by oxygen donor solvents. This is in contrast with substit­
uted phosphine complexes- of the more Class B metals cobalt(il) and ■
nickel(il) which are found to be quite stable in the presence of
19 20water, methanol and ethanol 9 . Also, Cervone et al, reported
that they experienced great difficulty in preparing thiourea
complexes of chromium(lll) halides, as a result of ready solvolysis
21by oxygen donor solvents • . K
The majority of the chromium(II) halide complexes with nitrogen
donor ligands readily precipitated from aqueous or ethanolic
& 1 8 1 solutions 99 , although Trigg found that strictly anhydrous
conditions were required for the preparation of some substituted
ethylenediamine complexes. Some of the complexes with oxygen donor
ligands crystallised from ethanolic solutions, but others required
techniques such as extraction with non-donor solvents from ground
mixtures of the anhydrous halide and ligand. The preparations
of the complexes with oxygen and phosphorus donor ligands are
briefly described in Table 1.2.
The Ultraviolet and Visible Absorption Spectra of Distorted 
Octahedral Chromium(ll) Compounds.
The majority of the known compounds of chromium(II) are thought 
2+to contain Cr situated in a distorted octahedral environment.
. Crystallographic studies by X-ray diffraction are made particularly 
difficult by the high air sensitivity of chromium(ll) compounds, 
and consequently very few crystal structure determinations have
TABLE 1.2
Complexes of chromium(ll) halides with oxygen donor ligand;
Complex Method of preparation Reference
CrCl2.4H20 
CrBr2, 
CrI2.5H20
CrCl0.2 (C0Hc) ..PO 
 ^ £ 5 3
CrCl2.2(c6Hi:L)3P0
CrCl2.2THP
CrCl2.2DMS0 
CrBr .2DMS0 
CtBr2.3DMS0 
CrI2.4DMS0
CrX2«2 Ph^PO 
X = Cl,Br,I
CrX2.2 Ph^AsO 
X *= Cl,Br
crystallised from aqueous solution by 
addition of excess acetone (Cl~P Br~) 
or by evaporation to dryness (l~).
suspension of CrCl2 + solution of 
ligand, both in bromobenzene
suspension of CrCl2 + solution of
ligand, both in xylene
14
14
Soxhlet extraction from CrCl2 with THE 10
crystallised from concentrated 
solutions of CrX2 hydrate dissolved 
in DMSO. Recrystallised from 
100)| ethanol.
extracted from ground mixture of 
anhydrous halide and ligand with 
boiling benzene
crystallised from mixture of ligand 
and hydrated halide in ethanol
15
16
17
Complexes of chromium(ll) halides with phosphorus donor ligand;
CrCl2.P(C2H5)3
CrCl2.2 P(C2H5 ) 3
not isolated. Mixture of suspension 
of CrCl2 in THE and ligand in benzene 
vacuum dried. Residue analysed.
18
not isolated. Inferred from freezing 
point measurements on solution 
prepared by mixture of CrCl2 in TUP 
and ligand in benzene.
18
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been reported. Evidence for stereochemistries other than distorted
octahedral is discussed below.
A high spin d^  configuration gives rise under the Russell -
5Saunders coupling scheme to a D free ion ground term, which is
the only quintet term. This is.split by a regular octahedral
field into a lower E term and an upper term. Thus only
g *-g
5 5one spin allowed d-d transition ( Tp <—  E ) is expected in theeg g
visible spectra of high spin octahedral chromium(ll) compounds.
. In practice, hexa-coordinated chromium(II) compounds,
including those with six identical ligands, give rise to either
one very broad highly asymmetrical band, or two bands, of which
the higher frequency band is asymmetrical. For some compounds,
three bands are resolved at liquid nitrogen temperatures. The
large distortions from octahedral symmetry that must be present
to account for these observations are usually attributed to the
Jahn - Teller Effect. The Jahn - Teller theorem states that
any non - linear polyatomic system possessing an orbitally
degenerate electronic ground state, will distort so as to remove
22the orbital degeneracy. Crystallographic studies have shown
that the anhydrous halides of chromium(II) all have an essentially
tetragonally elongated octahedral arrangement of halide ions
about the chromium ion. The hydrated chloride, CrGlgodH^O, has 
23been shorn to have two chloride ions in trans positions at 
2.42S from the metal ion, two trans oxygen atoms at 2.O7S, and 
two oxygen atoms at 2.80$. Thus the compound may either be 
treated as approximately tetragonal (D^) about the axis of the 
two oxygen atoms at 2.8o£, or rhombic a^ou"^ °£
the two oxygen atoms at 2.07-S. Other complex compounds of
- 16 -
chromium(ll) have been shown to be isomorphous with their copper(ll) 
analogues which are tetragonally distorted by elongation along 
one axis. Copper(ll) also has a D free ion ground term, which
is split into a lower E level and an upper T0 level in an octa-
g. 2g
hedral field. Consequently it also is expected to be subject to
Jahn - Teller distortions.
The effects of tetragonal and rhombic distortions on the 
5 5Tp and E terms are indicated in Figure l.A. Thus for a 
<-g g
tetragonally distorted compound three visible and near infra­
red absorption bands are expected, while four bands are expected
5
for a rhombically distorted compound. The E^ term in tetragonal
symmetry is expected to show a relatively larger splitting than
5 24 25the T0 term. Bersuker , and Liehr and Ballhausen have 2g
5 5
calculated that the separation of the E and B0 terms in
g 2g
tetragonal symmetry will be of the order of 2000cm while the
5 5 —1B1 and A1 terras will be separated by approximately 6,500cm «
-Lg -Lg
The higher frequency band observed in the chromium(ll) compounds
which have two bands, is usually of sufficient breadth to contain
two or three bands separated by about 2000cm ***.
26A polarisation study of the higher frequency band in the
—1 —1 
spectrum of CrClp^HpO (bands centered at 1 4,700cm and 1 0,000cm )
has shown that it is composed of three components, separated by
—1 —1 2 2,100cm and 3,600cm . Also, a gaussian analysis of the single
24“broad band in the spectrum of C^HpO)^ indicates that four bands 
are present. Thus both of these systems show evidence of rhombic 
or lower .symmetry fields.
As a result of the distortion present in chromium(ll) compounds
- 17 -
Figure 1.A
Figure 1.B
5Ac
5T2g X
5B2g 5Ag
5D /
/
\ 5a 5a\ 1^g ^
5p
\  5B,g 5Bg
(a) (t>) (c)
Term diagram for Cr^+ in (a) an octahedral field (0^ )
(h) a tetragonal field (P^) an(i (°) a rhombic 
field (C2h).
5E
5y2g
5d /  \  5a ,
5Eg 5E
(d) (e)
r>v\ 1 'Pn 1 r!
2 4*Term diagram for Cr in (d) an octahedral field (0, )
and (e) a trigonal field (D^)•
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it is not possible to obtain a value of the ligand field parameter,
A, directly from the spectrum. But since the transitions to the 
components of the split T level are poorly resolved, A may be 
estimated for those compounds which have a clearly resolved low 
frequency band* by subtracting half of the value of the low frequ­
ency band (known as the distortion band) from the value of the 
maximum of the composite higher frequency band (the main band).
This method assumes that the levels split preserving their centres 
of gravity (weighted by orbital degeneracy), and that the intensities 
of the components of the main band are similar. When the components 
of the main band are resolved, then by again assuming the centre of 
gravity principle to be valid, a slightly more accurate value of A 
may be calculated.
It is possible that the distortion will be sufficiently great
5
to cause the lowest component of the T^ term to sink below the
5
upper component of the E level. But Trigg has shown that the
g
value of A obtained for the compound Cr(cyclam)l2 is more
realistic when an estimate is made assuming a weak tetragonal 
7distortion . Since the compound is sufficiently distorted to 
have the two components of the main band clearly resolved at 
liquid nitrogen temperatures, it would seem reasonable to assume 
that the distortion in compounds which have less well resolved main 
bands is not sufficiently great to cause crossing of terms.
But for many compounds the distortion bands are not resolved 
even at liquid nitrogen temperatures, and therefore the number of 
compounds for which A can be estimated is limited. However the 
positions of the main bands for compounds with the same chromophore
- 19 -
-1
are found *to be within ranges of approximately 2,000cm . Table 1.3
shows the ranges for some chloride complexes. Only approximately
half of the compounds represented in Table 1.3 have analagous
bromide and iodide complexes, and therefore equivalent tables for
other halides are incomplete. But of the few halide series which
have been prepared, the positions of the main bands are found to
move in either direction as the halide changes from chloride to
bromide to iodide. The only pattern that emerges is that when
bidentate ligands are present the frequency usually increases,
while for monodentate ligands it usually decreases (Table 1*4)•
This applies to compounds containing either two of four coordinated
atoms other than halogen.
For some six coordinate compounds of chromium(ll), the
reflectance spectra indicate the presence of particularly strong
low symmetry components to the field. The compounds Cr(3-bromopy)^Cl^?
8CrO-iodopyJ^Clg and Cr^-iodopy^B^ have three bands at liquid
nitrogen temperatures, of which the central band appears closer
to the lowest frequency band. Since the distortion bands of these
compounds are at similar frequencies to those in other substituted
8pyridine compounds , which show the typical two band spectra of 
tetragonally distorted compounds, the distortion probably contains 
lower symmetry components. Both rhombic and trigonal fields
would tend to increase the separation between the components of
5 5 27Trelative to the components of .
But unless crystal structural data, or at least polarised
spectral data, are available, conclusions about the stereochemical
environment of the central ion must be to some extent speculative.
- 20 -
TABLE 1.3
Freauency ranges of main bands for specific chromophores
, .... y  i. .i-?7..,.,-  -  . ..V . ,    -......................... h. h.-m . . -  ........................ . . —  ■
Chromophore Range (cm Compounds included
CrClg 11., 000-12,000 CrCl*, Cs^CrCl^, Rb^CrCl^, 
CsCrCl^, (lIH4)2CrCl4.
CrCl402 1 2,000-13,500 CrCl2.2DMS0^  CrCl2.2urea1 
CrCl2.2MeOH^
CrClgO 13,400-15,000
•x-
CrCl2.4H20, CrCl2.4nrea, 
CrClg.Sbu.
CrOg 1 5,000-16,000 CrBr2.6H20, Cr(C104)2-6H20,
CrCl^lfg 13,500-14,600
t
CrCl2.2CH3CW, CrdapClg, 
CrdmpClg, Cr(p-pic)2C12?
Cr (3,5-d.ichloropy ) 2C12, 
Cr(3-Xpy)2Ci2 (X=Cl,Br,l).
CrCX2H4 17,000-21,000 Cr(en)2Cl2, Cr(dap)2Cl2,
Cr(dmp)2Cl2, Cr(p-pic)4Cl2, 
Cr(y-pic)4Cl2.
CrHg 1 6,000-16,500 Cr(pn)^I2, Cr(pn)^Cl2.2H20, 
Cr(en)3Cl2.H20t, Cr(en)yBr£.
* Present work.
^ Positions of bands recorded at room temperature 
only. For all other compounds, liquid nitrogen 
temperature results used..
- 21 -
TABLE 1.4
Frequencies of the main bands of some chromium(II) halide complexes(cm
Complex ' X = Cl X = Br X = I
Cr(3-chloropy)2X2 14,300 13,800 -
Cr(3-bromopy)2X2 14 ,200 13,800 13 ,500
Cr(3-iodopy)2X2 . 14 ,500 14,100 13 ,600
Cr(3 5 5-dichloropy)2Xg 13,750 13,600 13,200
Cr(p-pic)2X2 14,580 14,200 -
Cr(p-pic)4X2 21,000 17,000 18 ,000
Cr(y-pic)2X2 14,600 14,200 -
Cr(y-pic)4X2 18,000 17,000 18 ,000
Cr(en)2X2 (1 6,300)* 17,900 18 ,200
Cr(dien)2X2 (1 6,100)* 16,300 16 ,100
Cr(dap)2X2 17 ,600 18,000 18 ,300
Cr(dmp)2X2 17,800 - 18 ,800
Cr(dien)X2 14,500 14,500 14 ,900
* these frequencies are for the monohydrates of 
the complexes.
- 22 -
This has been clearly demonstrated for the copper(II) complex 
ion Cu(bipy) ^ + 0 This ion exhibits a spectrum ressembling that
found in tetragonally distorted copper(ll) systems, with one band
—1 —1at 6,000cm and a second at 15,000cm • But a polarised spectral
study of a single crystal has shown that the symmetry is approx­
imately trigonal (D->), and that the transitions are, in
2 2 2 2 28—  E and E •«—  E . The Jahn - Teller effect is apparently
not significant in this compound. The splitting of T? and E
terms (in 0 )^ in the presence of a trigonal field are indicated
in Figure I.B.
Evidence for Other Stereochemistries.
1• Four coordinate complexes.
Both square planar and tetrahedral complexes of chromium(ll)
have been reported, but only one example of each has been confirmed
by X-ray structure determinations.
The complex CrQ^SiMe^^^THF^ has been shown to be trans­
itsquare planar by a single crystal X-ray structure determination "•
It has a magnetic moment of 4-93B.M. at room temperature, and
exhibits four bands in its reflectance spectrum. Two of these
—1 —1are in the ultraviolet (3 8,400cm”" and 33>330cm ), with the other two
are present as weak shoulders in the visible region (25?600cm
and 195800 cm’"**').
Bis(dipivaloylmethanido)chromium(ll) is isomorphous with the
square planar copper(ll) and nickel(II) analogues, and is consequ-
2°ently considered to be also square planar . The magnetic moment, 
in toluene solution, is 4»84B.M., and the absorption spectrum, also
- 23 -
recorded in toluene, exhibits a band at 23jOOOcm  ^(as a shoulder
—1on a charge transfer band) and a very weak band at l6,000cnf" ♦
A series of p-ketoamine complexes of chromium(II)^  are also
thought to be square planar, since they have similar absorption
spectra (ultraviolet and visible) to the dipivaloylmethanido-
complex. But the bands in these complexes corresponding to the 
—1band at 23jOOOcm - in the chromium(ll) dipivaloylmethanido-complex,
—1are at lower energies (18,700 - 19>500cm~" )• This is surprising 
since the nitrogen donor atoms of the p-ketoamines would be expect­
ed to increase the average ligand field experienced by the metal 
ion, compared to the field produced by the oxygen atoms alone 
in the dipivaloylmethanido-complex. But a distortion of the 
square-planar arrangement could lead to lower energy transitions. 
The magnetic moments of the complexes with bidentate p-ketoamines 
are between 4*74 and 4»92 B.M. But for the quadridentate 
p-ketoamine (two oxygen and two nitrogen donors) a value of 
2.22 B.M. is found. This is considered to be due to antiferro­
magnetic interactions in an oxygen-bridged structure.
The stereochemical environment of the chromium(ll) ion in
the phthalocyanine complex Crpc is square planar with respect 
31to the ligand . But the complex has been found to be polymeric
with metal - metal bonds (p = 3*49 B.M., © = 306° and J = -38.2°),e
and is therefore strictly tetragonal.
The compound Cr(BO)Q'l(SiMe^ ) has been shown to be approx­
imately tetrahedral by a single crystal X-ray structure determin­
ation^^. The GrM^ unit is strictly trigonal pyramidal, but the 
angles between the chromium to nitrogen (of NO) bond direction
- 24 -
and chromium to nitrogen (of ^ (SiMe^)^) bond directions are all 
99°5 resulting in a pseudo-tetrahedral stereochemistry. This 
compound, which is diamagnetic, is only formally cbromium(ll) if
the nitric oxide is NO .
16 ’ Scaife has reported the preparation of two compounds which
may contain Cr^+ in a distorted tetrahedral environment. Both
compounds, CrBr^^^h^PO) [yellow form] and Crl^^Ph^PO, exhibit
only one broad absorption band at room temperature, at 10,000cm ^
in the bromide and at 10,800cm"^ in the iodide. This is considered
to be evidence for a distorted tetrahedral environment, since
CrBr2.2(Ph^P0) £green form], which is considered to be essentially
octahedral (tetragonally distorted) with halogen-bridges, exhibits
—1 —1two bands (at 14,600cm"” and 11,100cm ). Although the relation­
ship A, , . _ . = , i i gives a value of A for the* tetrahedral • 9 octahedral
-1tetrahedral compound of approximately 5,000cm , Scaife has
estimated that flattening of the tetrahedron could produce sufficient 
splitting of the terms to give a transition of about twice that 
value. The expected orbital contribution to the magnetic.-moment 
of a tetrahedral d^ system is not observed, presumably because of 
the distortion.
Chromium(ll) bromide in acetonitrile solution in the presence
of excess of bromide ion, also exhibits only one broad strong
—1 —1 —1 32band ( e = 225 l.cm .mole"" ) at about 10,000cm" . Consequently
2+these solutions are considered possibly to contain Cr m  a 
distorted tetrahedral environment. But a CrBr^ chromophore could 
conceivably have a main band at 1 0,000cm"”\  with poor resolution 
of the distortion band due to minima exchange (an effect thought
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/ \ 2-*- 2 \to account for the single broad band in the spectrum of CrtHgOJ^' ).
v >
2-A distorted tetrahedral ion, CrCl^, is thought to exist in a
33solution of CrCl^ in a KCl-LiCl eutectic . The spectral evidence
—1 —1is the presence of a broad band at 9 >800cm~ ( e = 45 l.cm" .mole)
o n
when the temperature is above 400 C. But Triggf has shown that at 
room temperature the band would be nearer ll,000cm""^ , within the 
range for a CrCl^ chrornophore.
■ 2.' Five coordinate complexes.
Both- trigonal bipyramidal and square pyramidal complexes of 
chroraium(ll) have been reported, but no X-ray crystal structure 
determinations have been carried out to confirm these stereochem­
istries.
11Ciampolini found that ^ Cr(l-Ie^tren)Br]Br was isomorphous 
with the trigonal bipyramidal cobalt(il) analogue, and therefore 
presumab^ isostructural. The absorption spectrum of the compound
exhibits a broad band at about 1 1,000cm  ^with a weaker shoulder
-1 5 5at 14,000cm . The transition was assigned as B-«—  A in C^ , with
5the shoulder due to splitting of the E term as a result of Jahn- 
Teller distortion.
12Mani and Sacconi have reported the preparation of a series 
of compounds of chromium(ll) halides with quadridentate nitrogen 
and phosphorus donating ligands. These are formulated as 
[]CrLX]BPh^ , where L is the ligand (either or donor group) 
and X is a halide ion. Since they have similar absorption spectra 
to Ciampolini's compound, they are also considered to be trigonal 
bipyramidal.
Bis(diethyldithiocarbamato)chromium(ll) is isomorphous with
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the copper(ll) analogue, which has been shown to contain dimeric
units with a square pyramidal arrangement of sulphur atoms about 
34 9the metal ion . Patel has found that the reflectance spectrum
of the chromium(II) compound resembles the spectra of tetragonally
distorted octahedral chromium(II) compounds, although the main
band (at 1 4j000cm""^ ) is at a higher energy than would be expected
35for a CrS^ chromophore. However, Hathaway has observed that in 
copper(il) systems, the centre of gravity of the d-d transitions 
moves to higher energy as the tetragonal distortion increases from 
regular octahedral to square co~planar stereochemistry, with square 
pyramidal in between the extremes. Since the d-d transitions of 
the square planar chromium(ll) complexes described above are at 
particularly high energies, it seems probable that a similar trend 
exists for chromium(ll), which would account for the high energy 
of the main band in the diethyldithiocarbamato-complex.
3. Seven coordinate complexes.
A series of compounds [^(CO^CdiarsJ^X^X, where X = Br and I, 
have been prepared . All are diamagnetic.
•Magnetic Properties'of Six Coordinate Chromium(ll) Halide Complexes,
For magnetically dilute high spin octahedral chromium(II), 
a temperature independent magnetic moment slightly below the spin 
only value (4*90 B.M.) is expected. The reduction of the moment 
below 4-90 B.M, is expected owing to the possibility of the
5
mixing in by spin-orbit coupling of the ^2g ^erm non-
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5
magnetic 33 ground term* The magnitude of this effect is expressed 
S
by the formula:
= ^s.ol1 ~ 2X/A)
where u is the reduced moment, u the snin only moment, A the > e ’ 's.o. ° 5
complexed ion spin orbit coupling constant, and A the ligand field 
parameter.
Substitution of reasonable values (A = 10,000cnf*^ , A = 50cm""'*')
into the formula gives the expression = 0.99(/i q )• But
differences in the magnetic moments of this order are smaller than
the estimated experimental errors (see Chapter 2). Also, the
formula only strictly applies to octahedral systems. It is therefore
not reasonable to attribute small reductions below 4*90 B.M. in the
experimentally determined values to this effect. They are probably
more likely to be due to traces of oxidation or errors from non-
uniform packing of the sample.
Six coordinate complexes of chromium(ll) halides which contain
four or six monodentate ligands (or two or three bidentate ligands)
are usually found to have magnetic moments slightly below the spin
only value and approximately invariant with temperature. Provided
they also obey the Curie Law, they are considered to contain
2+magnetically dilute Cr
Six coordinate complexes of the halides with two monodentate 
ligands (or one bidentate ligand) are usually found to have magnetic 
moments well below the spin only value which decrease with temperat­
ure. They may also obey the Curie-Weiss Law, having Weiss constants 
usually less than 100°. Frequently the plots of the reciprocal of 
the atomic susceptibility versus the absolute temperature show 
curvature, in which case the Curie-Weiss Law is not obeyed, and
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0 (the Weiss constant) cannot always be estimated. Provided only
negligible oxidation is present (as confirmed by the absence or
weakness of a band in the absorption spectrum between 20,000 and 
—125y000cm~ ), the low susceptibilities (and moments) are attributed 
to antiferromagnetic interactions arising from halogen-bridged 
structures.
Some bis(bidentate amine)chromium(II) halide complexes do 
appear to have antiferromagnetic interactions, but these are
usually much weaker than those present in halogen-bridged species
7 37Certain anhydrous double chloride and double bromide
6,7
complexes of chromium(ll) have magnetic moments well above the 
spin only value, which increase as the temperature lowers. These 
are considered to be due to ferromagnetic interactions between 
the chromium(ll) ions., probably via halogen-bridged structures.
Bis(bipy), tris(bipy) and tris(phen) complexes.of chromium(ll) 
halides are found to ,contain low spin chromium(ll), with magnetic 
moments above the spin only value of 2.83 B.M. For low spin 
chromium(ll) the ground term becomes which is expected to
retain some orbital angular momentum and therefore give rise to 
appreciable orbital contribution to the magnetic moment.
- 29 ~
AIM OF WORK
The .aim of this work has been to extend the knowledge of the 
complex chemistry of chromium(ll) by the preparation of complexes 
with weak donor ligands. ‘Weak donor ligands' included those 
expected to form thermodynamically weak complexes with chromium(ll), 
as well as those ligands expected to have weaker ligand fields 
than water. Since chromium is predominantly a Class A metal in 
its normal oxidation states, thermodynamically weaker complexes 
are expected to be formed with sulphur and phosphorus donor ligands 
than with oxygen or nitrogen donor ligands. The majority of known 
complexes of chromium(ll) halides contain nitrogen donor ligands, 
and therefore the ligands chosen for this work were sulphur and 
phosphorus donors, and some oxygen donors which were expected to 
have weaker ligand fields than water.
Urea, thiourea and substituted ureas and thioureas are expect­
ed to be weak donors in both of the senses described above, and are 
additionally interesting since some of them have been found to be 
ambidentate. Aryl-substituted phosphines were also chosen since 
they too are expected to be weak donors. Phosphines are frequently 
present as co-ligands in complexes of transition metals with 
molecular nitrogen, and therefore may contribute to the stability 
of such complexes. Ho nitrogeno-complexes of chromium have been 
reported, and therefore a phosphine complex would be useful as a 
starting material in attempts to prepare one.
Finally, the effects of strong reducing agents on solutions 
of chromium(ll) compounds were to be investigated. Nitrogeno-
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complexes of other transition metals have been isolated from 
mixtures containing strong reducing agents, and it therefore seemed 
desirable to try and find reducing agents which might be suitable 
for attempts to prepare such complexes of chromium.
CHAPTER 2
EXPERIMENTAL TECHNIQUES
(l) Apparatus and Preparative Methods.
Solid chromium(ll) halide hydrates were prepared by the dissol­
ution of spectroscopically pure chromium pellets in AnalaR acids
4 S
under nitrogen, as described previously 9 . The manipulation of
all compounds of chromium(ll) was carried out under purified
nitrogen or under vacuum, using apparatus similar in principle to
1 &that described by other workers ? , and also in apparatus described 
below.
Some modifications were made to the nitrogen line to permit 
the use of solvents which would otherwise dissolve the grease used 
in the joints and taps. The ground glass greased tap at A (Pig. 2.1) 
was replaced by a greaseless Quickfit P.T.P.S. ’Rotaflo1 tap, and 
the B34 ground glass socket at B was replaced by a B34 smooth glass 
socket, into which a Youngs silicone rubber 1 O'-ring cone could be 
inserted. The liquid nitrogen traps C and D were added so that 
solvent vapour could be prevented from reaching the tap-board. ^
Apparatus with B14 silicone rubber 10’-ring cones could be attached 
to the existing ground glass sockets, 3 and P, when necessary.
Ancillary apparatus was also modified to permit the use of 
grease dissolving solvents. The syringe barrel of the filtration 
apparatus^ was replaced by a sliding joint (Figure 2.2), made 
vacuum tight by clamping a P.T.P.S. coated silicone rubber washer 
against the concentric glass tubes. In order to grind the solid 
at K, the apparatus was filled with nitrogen to a positive pressure 
of approximately 5°^ * of mercury, the clamping nut slackened and 
the paddle, J, rotated, raised and lowered as necessary. Provided 
the nut securing the washer was slackened no more than half a turn
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Figure 2.1 The Nitrogen Line
T -  p ie c e
Figure 2 .2  The Filtration Apparatus
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from the ’tight* position, no leakage of nitrogen was observed 
during the grinding process,
7The greaseless 3-tap apparatus used by Trigg for the prep­
aration of chromium(ll) halide cyclam complexes in diethyl ether, 
was modified in order to increase its robustness. The B32 grease- 
less smooth glass joint was replaced by an ’O’-ring cone and 
smooth glass socket, thus eliminating the difficulties encountered 
by Trigg, who found that the joint was easily rendered useless by 
the inadvertent trapping of traces of dust between the cone and 
socket.
Apparatus in which the solubility of air sensitive compounds 
could be qualitatively investigated is shown in Figure 2.4. The 
compound, sealed under vacuum in k glass tube, was placed in the 
side-arm A. The whole apparatus was flushed out with nitrogen 
three times, and then left connected to the nitrogen line via a 
length of vacuum rubber tubing. A stream of nitrogen was passed 
through the line and out through the bubbler system. Thus any 
changes of pressure in the attached apparatus that might be caused 
by changes in solvent vapour pressure, were automatically 
compensated for. The glass tube, previously knotched at a 
position adjacent to the ball-and-socket joint, was broken by 
’bending1 the side-arm at the joint. The compound was then tapped 
into each bulb, in approximately equal proportions. Different 
solvents were added through the serum caps using hyp o.dermic 
syringes, and the whole apparatus carefully swirled, or each 
bulb individually heated.
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Figure 2 .3  The 3 - T a p  Apparatus
Figure 2 .4  Apparatus for So lub il ity  Tests (Q ualitative)
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(2) Magnetic Measurements.
The magnetic susceptibilities of all compounds prepared in 
this work were measured on a Newport Instruments Ltd. Gouy Balance, 
over the temperature range 9^° to 300°K. The samples'were sealed 
under vacuum in Pyrex glass tubes of uniform cross-section and with 
flat bases. Each glass tube was calibrated over the temperature 
range, so that the diamagnetism of the glass could be allowed for 
when calculating the susceptibility of the sample.
The molar susceptibility (xM) was calculated from the. formula
y  ‘ 2HglwXM = wg2
where M = the molecular weight of the compound,
g = the acceleration due to gravity,
1 = the length of the sample,
w ss the change in weight on application of the
field(allowing for the diamagnetism of the 
glass tube),
W = the weight of the sample,
H = -the magnetic field experienced by the sample.
The apparatus had been previously calibrated 
for the field, using a solution of nickel(il)
■5 0
chloride, by the method of Nettleton and Sugden
The atomic susceptibility (xA ) of the metal ion was obtained by
correcting XM for the diamagnetism of the ligands and other ions
present in the compound. The diamagnetic corrections were either
fro
obtained from the literature, or calculated according^the method 
39of Pascal .
The effective magnetic moment (p-Q) was calculated from the
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formula :
)i& =JE828x^ T  B.M.
where T = the absolute temperature and
B.M. = the Bohr Magneton.
Estimation of errors. The formula from which y„ is calculated
■■■- ■ M . - -  ■ -  . „ ■■ M
assumes that the sample is cylindrical. Thus one of the largest 
sources of error probably arises from the non-uniform packing 
of the sample in the tube. The tubes were sharply tapped on 
their bases until a constant length of sample was obtained. The 
packing was then disturbed by tapping the side of the tube, and 
then the solid was repacked by tapping the base of the tube. The 
process was repeated until no further reduction in sample length 
could be obtained.
Another error occurs in the measurement of the length of the 
sample since the top of a packed powder is not always well-defined. 
Absolute errors cannot be easily be estimated since they will 
depend on the density of paramagnetic ion in the complex. But 
the maximum error in the effective magnetic moment is unlikely to 
be greater than - 0.2 B.M.
(3) Ultraviolet. Visible and Infra-red Spectra.
Diffuse reflectance spectra were recorded over the range 
35?000 - 5j000 cm~^ on a.Unicam S. P. 700C spectrophotometer with 
reflectance attachment. Lithium fluoride was used as the reference. 
The solid compounds were sealed under vacuum in a 2mm. silica 
solution cell which was then laid flat to act as a reflectance cell.
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For low temperature measurements, the sample and reference were 
cooled by leaving them in contact with a copper container filled 
with liquid nitrogen for thirty minutes*
Solution spectra were recorded on a Unicam S. P. 700C with 
transmittance attachment. The sample solutions were placed under 
nitrogen in a 1cm. silica cell, to which a greaseless P.T.F.E. tap
was attached. Pure solvent was placed in the reference cell.
-1The infra-red spectra, over the range 4000 - 250 cm , were 
recorded as nujol mulls between polythene or KBr plates on a 
Perkin Elmer 457* Far infra-red spectra, over the range 500 - 
50 cm"”^ , were recorded as nujol mulls between polythene plates 
on an RIIC Interferometer 720. The mulls were prepared in a 
plastic dry bag with gloves attached, flushed out with nitrogen. 
The mulling agent was previously deoxygenated with nitrogen and 
then stored over 3A molecular sieve.
(4) Reagents and Solvents.
Purification of solvents. Tetrahydrofuran was purified by 
refluxing over lithium aluminium hydride for one hour, and then 
by distillation under nitrogen. The solvent was stored under 
nitrogen in the dark, and then transferred anaerobically to the 
apparatus on the nitrogen line as required.
Xylene was purified by refluxing with sodium for twenty 
four hours, and then by fractional distillation.
Thionyl chloride was purified by distillation from quinoline.
Other solvents, which were of analytical grade where avail­
able, were used without further purification. Each solvent was
deoxygenated by bubbling nitrogen through it for forty minutes 
immediately before use.
Preparation and purification of other reagents. Commercially 
available ligands were used without further purification, with the 
exception of N,Nr-ethylenethiourea which was recrystallised from 
absolute ethanol,
l,2-bis(diphenylphosphino)ethane; was prepared under nitrogen 
in liquid ammonia by the following sequence of reactions^"
' 21Ta + PPh3 > UaPPh2 + ITaPh '
(NaPh + NH^Br — » NaBr + PhH + NH^)
2NaPPh2 + CHgClCHgCl »PPh CHgCHgPPhg + 2NaCl.
.The product was recrystallised from 100/120 petroleum ether.
M. Pt. 137°C. (literature valuef^ 136 - 137°C)
Sodium sand was; prepared by heating xylene, containing pellets 
of sodium, until it began to reflux, and then allowing the mixture 
to cool while stirring with a Chemap Vibro-Mixer.
(5) Analytical Methods.
Microanalysis for carbon,- hydrogen and nitrogen were carried 
out by the University of Surrey Microanalytical Laboratory. Chromium 
and halogen analyses were carried out as described below.
Chromium. The percentage of chromium was determined gravimetrically 
by precipitating chromium as chromium(lll) hydroxide, and then by 
ignition to chromium(lll) oxide. With some of the thiourea complexe 
this method failed to give results either in agreement with theoret­
ical percentages or within duplicates. In these instances, the 
complex was ignited directly to chromium(ill) oxide by heating
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in a silica crucible together with a few drops each of concentrated 
nitric and sulphuric acids.
Halides, The percentages of halides in complexes which did not 
contain sulphur donor ligands, were determined gravimetrically as 
the silver halide, employing the standard method^. This was not 
possible with the thiourea and substituted thiourea complexes, 
since silver forms insoluble complexes with these ligands. Where 
sufficient quantities of complex were available, the halide was 
determined gravimetrically as the silver halide, after fusion of 
the complex with sodium and potassium carbonates.
CHAPTER 3 
CHROMIUM(II) HALIDES
IN WEAK DONOR SOLVENTS
- 42 ~
Introduction.
The majority of the complexes of chromium(ll) previously 
reported were prepared in aqueous or ethanolic solution, as 
indicated in Chapter 1. The ready solubility of the'anhydrous' 
and hydrated halides in water and the lower alcohols was probably 
the main factor that determined the choice of these solvents.
But'attempts, during this work, to prepare solid complexes of 
chromium(ll) halides with thiourea, substituted thioureas, substit­
uted ureas and substituted phosphines using these solvents, were, 
unsuccessful.
This failure was considered to be due, at least partly, to 
the inability of the relatively weak donor ligands to displace 
the stronger donor solvents from the ccodination sphere of the 
metal ion. This conclusion was based on the fact that attempts 
to isolate solid complexes from the ethanolic reaction mixtures 
frequently resulted in’ the precipitation of the starting, materials. 
The explanation was evidently more complicated than this, since 
colour changes often accompanied the addition of the ligand 
solution to the halide solution. This suggested that some complex- 
ation had occured in solution, but that factors such as the 
relative lattice energies and solvation energies of the complex 
and starting materials, were unfavourable .to crystallisation of 
the complex.
However, since the donor strength of the solvent was likely 
to be important in determining whether or not a complex would 
crystallise, it was decided to investigate the solubility of 
the halides in other solvents. The waters of hydration of the
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halides seemed likely to interfere with coraplexation whatever 
solvent was used, and therefore ways of preparing the anhydrous 
halides were first investigated.
The preparation of anhydrous Chromium(ll) chloride.
A number of ways of preparing the anhydrous chloride have 
been reported in the literature :
■ (i) Reduction of anhydrous chromium(lll) chloride with 
hydrogen at
(2) Direct reaction of hydrogen chloride with chromium 
metal at 1200°C^.
(3) Reaction between hydrogen chloride and anhydrous
chromium(II) acetate in diethyl ether^..
/ \ 45(4) Thermal dehydration of the hydrated chloride .
Since the first two methods require high temperatures and are 
also reported^ to give products which are often contaminated 
with free metal, only the latter two methods have been investigated.
Ho details of the apparatus used in the third method are given 
in the literature. The apparatus shown in Figure 3.1 was construct­
ed in order to investigate the preparation of the anhydrous
chloride by this reaction. Chromium(ll) acetate hydrate was
46prepared by a method previously reported •. The aqueous suspension 
of the hydrated acetate was filtered by the sintered disc, and 
the solid washed with water. The apparatus was placed in an oil 
bath and heated to 120°C in vacuo to dehydrate the acetate.
Diethyl ether was run into the apparatus, and the anhydrous acetate 
suspended In the solvent by passing nitrogen through the sintered 
disk from below. Dry hydrogen chloride was then added to the stream
Figure 3.1
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of nitrogen. After about one minute, the reaction mixture turned 
violet and the brown acetate was gradually replaced by a white 
solid. Since the reaction was exothermic, it was necessary to cool 
the apparatus in an ice bath to prevent excessive loss Of the 
diethyl ether. • When the reaction was judged to be complete (after 
about 15 minutes), the solvent was sucked through the sintered disc 
and the white solid washed with more diethyl ether, and then dried 
by pumping on it.
, Although it was quite white (the anhydrous chloride is white^)
the solid was always found to be contaminated with acetic acid.
Attempts were made to remove this by repeated washing with diethyl
ether, and also by heating the dried solid to 100°C in vacuo.
Heating caused some darkening of the solid, suggesting oxidation,
since the aerobically oxidised product was similarly coloured and
subsequent analysis showed loss of chlorine. Adducts of chromium(ll)
47chloride with acetic acid have been reported in the literature , 
and it seems possible that these were being formed in the reaction 
mixture. When smaller quantities of acetate were used (different 
attempts were made starting with weights of hydrated acetate 
varying between 1 and 4 grams, in approximately 100ml of diethyl 
ether), the analytical results indicated that smaller percentages 
of acetic acid were present in the product. This would suggest 
that apparatus which allowed a much larger volume of diethyl ether 
to be used might give a purer product. Ho attempt was made to 
investigate this.
Thermal dehydration of the hydrated chloride was investigated, 
although it has-been.reported that loss of hydrogen chloride always
45takes place . However, under certain conditions it was found 
that this could, he minimised. It was necessary to first pump on 
the freshly precipitated chromium(ll) chloride tetrahydrate (blue) 
at room temperature, until all the solid was a 'light green (probably 
a mixture of the di- and tri-hydrates^). The solid was then . 
gradually heated, by raising the temperature by approximately 20°C 
per hour, up to 120°C* An almost white solid was obtained, which 
gave satisfactory analytical results.
Calculated for CrCl2 42.3$ Cr 57.7$ Cl
Pound 42.3$ Cr 5^*7$ Cl
The reflectance spectral and magnetic data (Figures 3.2 and 3.3?
and Table 3*1) agree well with the results reported in the
2literature for the anhydrous chloride .
The solubility of anhydrous chromium(ll) chloride in some solvents.
The solubility of anhydrous chromiura(ll) chloride in a 
nunber of solvents was qualitatively investigated using the 
apparatus described in Chapter 2. The solvents used were chosen 
from a table which listed an empirically determined order of
aO
solvent donor strengths • The order was based on the shifts in
energies of solvent sensitive charge transfer bands of alley 1-
pyridinium iodides, and also on the ionisation of an alkyl-
sulphonate. The results of the solubility tests are shown in
Table 3.2, which lists the solvents in> order of decreasing donor
strength. The oxidation of chromium(ll) salts by certain chlorine
4° 50containing solvents has been previously reported . With 
chloroform and carbon tetrachloride, cleavage of one chlorine
-  46 -
TABLE 3.1
Reflectance Spectral Results for CrCl
Maxima of absorption bands (cm” )^
■2
Room temperature . Low temperature
215 200 w  b 21,200 vw b
18,800 w sf 18 ,900 w sf
17,600 w sf 17 ,700 w sf
1 7,100.w sf 17 ,100 w sf
15,900 w sf 15,950 w sf
11,400 s 11 ,600 s
8,400 m sh 8 ,6 0 0•m
Magnetic Results for Cr01o
= 150° (approx.) diamagnetic correction
T (°K) 1q6X
'  ' A ^ x ;1 e^ (B.M,
294.5 6698 1 .493 3.99
262.5 7235 1 .3 8 2 3.91
230.0 7 865 1 .2 7 2 3 .8 2
198.5 8643 1 .157 3.72
166 .5 9455 1 .0 5 8 3.56
136 .0 10,470 0 .9552 3.39
103.5 11,547 0 .8658 3.11
89.5 12,030 0 .8314 2.95
,-6
O
.D
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TABLE 3.2
Results of Qualitative Solubility Tests on CrCl^
Solvent Dielectric Constant 
(at 25°C)
Result
h2o 78.5 very soluble
CH^OH 32 .6 very soluble
CoHc0H
2 5
24.3 very soluble
(ch3)2choh 18.3 soluble
propylene carbonate 65.I insoluble
CH^CN 36.2 soluble
hcon(ch3)2 36.7 soluble
ch3cogh3 20.7 insoluble
C6H5B02 34.6 oxidation
ch2ci2 8 .9 oxidation
CHCIj 4.7 oxidation
CH-,C00CnH(- 
3 i 0
6 .0 insoluble
THP 7,4 sparingly soluble
(c2h5)2o 4.2 insoluble
°6H6 2.3 insoluble
CC14 2 .2 oxidation
n-hexane 1.9 insoluble
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atom occurs, resulting in the formation of a chromium(lll) to 
carbon bond.
Attempts to prepare those complexes which could not be 
isolated from aqueous of: ethanolic solutions were also unsuccess­
ful in acetonitrile and N,Nf-diraethylformamide. Since anhydrous 
chromium(ll) chloride did not dissolve in any weaker donor solvents, 
the solubilities of complexes of the halides in weak donor solvents 
were investigated. It seemed advisable to use weak donor solvent 
solvates rather than complexes with solid or strong donor ligands, 
since such ligands would probably be more difficult to remove 
from any required products.
The preparation of chromium(ll) halide alcoholates.
Introduction.
The preparation of solid chromium(ll) halide alcoholates has
2+
not been previously reported. The hexasolvated Cr in alcohols
has been identified from the ultraviolet and visible spectra of
51the solutions, but no solid solvates were isolated * Only 
dichlorobis(methanol)chromium(ll) has been characterised in this 
work. No attempt was made to isolate bromide or iodide alcoholates.
In order to avoid the preparation of the anhydrous chloride, 
the hydrates were used as starting materials and dehydrated with 
2,2~dimethoxypropane, which reacts with water according to the 
equation :
Ho0 + CH0C(0CIlJoCH^-* (CHjoC0 + 2CIN0H
C. $ D D DC- 5
Experimental.
Chromium met ell (3 •Og.) was dissolved in concentrated
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hydrochloric acid (8.0 ml.) and distilled water (l8.0 ml.). The 
excess of metal was filtered off, and the filtrate concentrated 
by evaporation in vacuo. Excess acetone was then added, causing 
the blue tetrahydrate to crystallise. After shaking, the acetone 
was decanted, and the solid dried by pumping on it in vacuo.. .A 
mixture of 2,2-dimethoxypropane (50 ml.) and methanol (50 ml.) was 
adddd, and the mixture heated to 60°C for one hour to ensure 
complete reaction between the waters of hydration and the ether.
After cooling, the solution was evaporated to near dryness,, 
whence a light green solid separated, and then an excess of acetone 
was added. The solid partially dissolved, colouring the acetone a 
bright green. The undissolved solid was filtered off, and dried
by pumping on it at room temperature for two hours.
Calculated for CrC^HgO^Cl^ : Cr, 27.8 ; C, 12.8 ;
H, 4.3 ; Cl, 37.9 fo
Found : Cr, 27.9 5 C, 12.7 s H, 4.2 ; Cl, 37.8 $
The hydrated bromide and iodide of chromium(ll) were similarly 
treated with 2,2-dimethoxypropane and methanol, but the solids 
which crystallised on concentration of the mixtures readily 
dissolved in the excess acetone. It may be possible to isolate 
solid methanolates by the addition of a much weaker donor solvent 
than acetone, such as diethyl ether, but this was not attempted.
Other preparative studies.
An attempt was made to prepare an ethanolate of chromium(ll) 
chloride, by dissolving the hydrated chloride in a mixture of 
ethylorthoformate and ethanol, and then working up as for the 
methanolate. This ester reacts with water according to the equation :
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HC(0CoIL-h + Ho0 — v -2CoHc0H + HC00CoHc 522 5 3 2 2p 2 5
But subsequent analysis of the light blue solid that resulted, 
indicated that it was probably a bis(ethanolate) which had lost 
some ethanol, presumably during the drying process. Further 
attempts to prepare the pure bis(ethanolate) were unsuccessful, 
even when the product was dried by placing it in a stream of 
nitrogen at atmospheric pressure. Partial loss of ethanol always 
resulted.
Discussion of results.
Magnetic and spectral data for dichiorobis(methanol)chromium(II) 
are shown in Figures 3.4 and 3*5 and in Table 3.3. The low 
magnetic moment, which decreases with decreasing temperature, 
indicates the presence of antiferromagnetic interactions, probably 
arising from a chloride bridged structure. The absence of any 
significant bands in the reflectance spectrum between 20,000 and
25,000 cm"*^  eliminates the possibility of oxidation as responsible 
for the low moment. The reflectance spectrum is typical of what 
is usually exhibited by tetragonally or weakly rhombically dist­
orted chromium(ll) compounds. At liquid nitrogen temperatures,
—1the distortion band is well resolved (at 9>000 cm , Figure 3*5)
and the main band (at 12,800 cm )^ is of sufficient Jireadth to
include at least two components. A number of weak, fairly sharp
-1bands are present between 15,000 and 20,000 cm , which are 
probably spin forbidden transitions from the ground state to 
components of the free ion term. Such bands have often been
observed in complexes which do not have charge transfer bands in
2 7 1S —1this region y J . The broader band at about 28,800 cm is
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TABLS 3.3
Reflectance Spectral Results for CrC1^ 2CH^ 0II 
Maxima of absorption bands (cm~^ )
Room temperature Lou temperature
29,000 w sh 32,400 V
21,400 u b 28,800 m b (sf ?)
19,100 w sf 26,000 vw b.
18,850 u sf 21,700 u b
18,100 w sf 19,100 w sf
16,000 u sf 18,900 vw sf
12,700 vs 18,200 TrT Sf
9,000 s sh 16,050 \T S f
12,700 V S
9 ,100 S
Magnetic Results for CrClo2CH,0H
>° diamagnetic correction = ~91xlO"“6 c.
T (°K>
lo6X
1 0 - 2X - ]L ^  (B.M.)
284.5 9285 1.077 4.62
280.5 9421 1.061 4 .6 2
262.5 10,000 1.000 4 .6 0
230.0 11,290 0 .8859 4.58
198.0 12,920 0.7739 4.54
166 .0 15,060 0*6640 4.49
136.0 17,940 0.5573 4.44
103 .0 22,600 0.4425 4.33
89.5 25,200 0.3968 4.27
s. units
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unusual. A similar band was observed in the spectrum of dichloro- 
bis(.urea)chromium(II) [Chapter 4] at 28,200 cm \  A possible 
explanation is that they are due to a group of unresolved spin 
forbidden bands, which have gained intensity theough the ’intensity 
stealing’ mechanism from a nearby charge transfer band.
Acetone solutions of chromium(ll) halide methanolates.
Solutions of chromium(ll) bromide and iodide have been 
prepared by dissolution- of the hydrates directly in a mixture of 
acetone and sufficient 2,2-dimethoxypropane to react with all the 
water- of hydration. When the hydrated chloride was treated 
similarly with the acetone/dmp mixture, it.’was found necessary 
to add extra methanol (10 ml.) to dissolve all the solid (prepared 
from 3.0 g. of chromium metal) in 150 nil. of solution.
These solutions of the halides are referred to as 'acetone* 
solutions in this work, since they all contain some methanol. A 
number of complexes with substituted ureas, thiourea and substit­
uted thioureas have been prepared by addition of the ligands in 
acetone to the ’acetone' solutions of the halides. The preparations 
and physical properties of these complexes are described in 
Chapters 4 and-5* However, no complexes with phosphorus donor 
ligands could be isolated from these solutions. Therefore the 
tetrahydrofuranate of chromium(ll) was investigated in the hope 
that solutions of it in tetrahydrofuran or a weaker donor solvent 
would be suitable for the preparation of complexes containing 
phosphorus donor ligands.
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The preparation of chromium(ll) chloride in tetrahydrofuran. 
Introduction.
The preparation of dichlorobis(tetrahydrofuran)chromium(II)
10has been previously reported . It was prepared by soxhlet ■ 
extraction from anhydrous chromium(ll) chloride with tetrahydro- 
furan. The complex was found to be fairly soluble in tetrahydro- 
furan unlike the anhydrous chloride, which was found to be only 
sparingly soluble. .
During this work, it has been found that chromium pellets ■ 
will dissolve in tetrahydrofuran through which dry hydrogen 
chloride is being passed. From the resulting solution, dichloro- 
.(tetrahydrofuran)chromium(ll) has been isolated. Ho reaction 
occurred when diethyl ether was used instead of THF.
This provides' the simplest and most direct way of preparing 
a non-hydroxylic solution of chromium(ll) chloride from chromium, 
metal. Other chromium(ll) halides may perhaps be prepared 
analogously, but no attempt has been made to investigate this 
possibility during this work. But attempts to dissolve vanadium 
metal in either THF or diethyl ether solutions of hydrogen chloride 
were unsuccessful.
Experimental.
Two alternative procedures, both of which result in the 
same product, have been investigated.
Procedure (a). The reaction vessel (Figure 3.6), containing 
chromium pellets (6 g.) was flushed out three times with nitrogen. 
Purified THF (250 ml.) was added, filling the bulb of the vessel
Figure 3.6
n itro g e n
lin e
Apparatus for preparation of CrCi2 in THF
- 56 -
to approximately half depth. A mixture of nitrogen and hydrogen 
chloride was passed into the reaction vessel at A and out through 
the bubbler system on the nitrogen line.
After thirty seconds, the mixture became warm and a gas 
issued fairly rapidly from the metal surface. The liquid became 
mauve, with the-'colour gradually deepening until after forty 
minutes the-mixture was quite opaque. The passage of hydrogen 
chloride was stopped, and the mixture heated by an oil bath to 
80°C. The gas evolution continued, and after six hours the mixture 
had turned from a dark mauve to a dark green. Although the gassing 
still continued at 80°C, it ceased on cooling to room temperature.
The excess metal (approximately 1 g.) was filtered off and the 
mixture was concentrated by continuous pumping through a liquid 
nitrogen trap until a viscous dark yellow-brown liquid remained. 
Excess THE was added, and the apparatus shaken. A light blue 
crystalline solid separated immediately from a mauve mother liquor.
(Residual hydrogen chloride had presumably prevented crystallisation 
during the concentration of the filtered reaction mixture.)'
The light blue solid was filtered off, washed with THF and 
then dried by continuous pumping. It rapidly turned light green 
during the drying process, finally (after three hours) becommimg 
quite white. ITo further solvent could be pumped from the white 
product.
Procedure (b). The apparatus was set up as for procedure (a), 
but the passage of hydrogen chloride was stopped as soon as a 
mauve colouration- became visible. The mixture was heated to its 
boiling point (65°-70°C) and then maintained just below it. Rapid
gassing continued as before, but after first becomming light mauve 
the solution turned a bright blue. The heating was continued for 
six hours, during which time the blue colour deepened.
After leaving the mixture to cool over-night, a mass of needle 
shaped blue crystals were found the following morning. These 
readily dissolved on warming, and the excess metal (approximately 
2 g.) was filtered off. The solution was then concentrated by 
pumping, causing it to become green coloured and viscous. No 
recrystallisation took place. Excess THF was added and the mixture 
shaken, whence a light blue crystalline solid separated from a 
blue mother liquor. The solid was filtered off, washed with THE 
and dried by continuous pumping. During the drying process, 
similar colour changes took place as occurred with the product 
from procedure (a).
Results and discussion.
The white product from procedure (a) analysed for CrCl^.THF.
Calculated for CrC^HgOCl^ : Cr, 26.7 ; Cl, 3 6 .4 ^
Pound : Cr, 26.9 5 Cl, 35*7 $ '
The reflectance spectral results are given in Table 3*4? and the 
low temperature reflectance spectrum is shown in Figure 3«7« The 
solution spectra of the mother liquors from which the products 
from procedures (a) and (b) crystallised, and the solution spectrum 
of CrCl^.THP in THE, are shown in Figures 3*8 to 3»10» When 
necessary, the solutions were diluted with THE so that the band 
maxima were within the absorbance range of the instrument. Ho 
attempts were made to calculate extinction coefficients.
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Figure 3.10 Reflectance spectrum of CrCI2TH F( low temperature)
- 59 -
These results indicate that the mother liquor from procedure (a) 
contained a substantial amount of chromium(lll), as shown by the 
presence of the band at 20,000 crn But the crystals which separ­
ated from this mother liquor contained little or no chromium(lll), • 
as shown by the absence of significant bands near 20,000 cm  ^in 
either the reflectance or solution spectra of CrCl^.THF. The 
mother liquor from procedure (b), which was blue, contained no 
detectable bands near 20,000 cm
It is therefore possible tentatively to conclude, that when the 
concentration of hydrogen chloride in THF is greater than a certain
value, as occurs while the gas is being passed through the solution,
3+ /the metal dissolves mainly as Cr (CrCl^.3THF is reported to be 
10violet ). But when the concentration of the hydrogen chloride
3.1. 24-
drops below this value, Cr * is reduced to Cr , and the metal
dissolves as Cr^+. During a further preparation by procedure (b),
more hydrogen chloride was passed through the solution after the
blue stage had been reached. The solution rapidly turned mauve,
2+indicating immediate oxidation of the Cr species in solution.
It was not possible to isolate the blue crystals -which 
crystallised at the end of both procedures, since solvent was 
lost on drying. By comparison with the relationship between 
colour and extent of solvation in the solid hydrates (Table 3.5^)? 
it seems probable that the blue tetrahydrofuranate contained three 
or four molecules of THF per mole of CrCl^.
TABLE 3.5
CrClg.^H^O dark blue 
CrClg^BHgO pale blue 
CrClg^H^O light green 
CrClg white
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This conclusion is supported by the observation that CrCl^STHF
• 10 is light green
The low temperature reflectance spectrum of CrCl^.THF (main
—1 —1band at 11,'600 cm'" and distortion band at 8 ,400 cm ) is very
similar to the low temperature spectrum of the anhydrous chloride' 
(main band at 11,600 -cm"”^  and distortion band at 8.600 cm”'*'), 
which may imply that the ligand field strength of THF is very 
similar to that of the chloride ion, The solution spectrum of 
CrCl^.THF in THF' has one‘broad band at 12,100 cm which, by 
comparison with the position of ike band in solutions containing
p ,
CrfH^O)^ (at 14>000 cm” ) confirms that THF has a weaker ligand 
field than water. But it is possible that, considering the low 
dielectric constant of THF, the chloride ion will also be coord­
inated in THF solution (The Katzin Effect"^). This would: contrib­
ute to the lowering of the position of the main band in solutions 
of CrCl^ in THF, if the chloride ion’s ligand field strength is;, 
slightly weaker than that of THF.
CHAPTER 4
COMPLEXES OF CHROMIUM(II) HALIDES 
WITH UREA, HETHYLUREA AI'TD BIURET
INTRODUCTION
Infra-red evidence has been used to show that urea is an 
ambidentate ligand, coordinating through oxygen in complexes with 
chromium(lll), iron(lll), zinc(ll) and copper(ll), but through
c /
nitrogen with platinum(ll) and palladium(II)^'. The complex
Co(urea)^(N0^)g is thought to contain both monodentate and
bidentate urea, although the infra-red evidence is far from 
55conclusive .
Complexes of ethyleneurea (2-imidazolidone) with iron(lll), 
cobalt(ll), copper(ll), zinc(ll) and cadmium(ll) all appear to 
contain metal-oxygen bonds, although it is thought possible that 
the cadmium(ll) complex contains both metal-oxygen and metal-
cr £
nitrogen bonds . Complexes of tetramethylurea with cobalt(ll),
zinc(ll) and lead(ll) contain metal-oxygen bonds only, but the
failure to prepare complexes of this ligand with platinum(ll)
and palladium(ll) indicates the reluctance of these metals to
57form metal-oxygen bonds .
Biuret coordinates either through one oxygen atom, both
2+oxygen atoms, or through the two amido-nitrogen atoms. When Cu
2—is added to an alkaline solution of biuret, KgfCutbu )^]4H^O is 
obtained, in which coordination is through the two (originally) 
amido-nitrogen atoms^^. In neutral (alcoholic) media, CuCl0.2bu
59is obtained, in which coordination is through both oxygen atoms 
In CdCIg.Pbu, which is isomorphous with HgCl^^bu, biuret is
60unidentate coordinating through one oxygen atom only
Urea has a weaker ligand field than water, although not as
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weak as the chloride ion^. In a comparison of the ligand field 
strengths of urea, ethyleneurea and biuret in complexes with 
chromium(lll), it was found that urea and ethyleneurea have
62similar strengths, but that biuret is significantly stronger 
Experimental.
It was found necessary to change to a weaker donor solvent 
during the preparation of the following series of complexes. The 
complexes CrCl^.2bu,. CrClg^urea, CrCl^^iirea and CrBr^^urea
crystallised from ethanolic solutions, while CrCl„.4meurea and
I
CrBr^-^eurea could be obtained from ‘acetone solutions' but not 
from ethanolic solutions,
(1) Dichlorobis(urea)chromium(ll)
A solution of urea in ethanol (3*4 g*> 30 ml.) was added to 
a solution of hydrated chroraium(ll) chloride in ethanol (5«5 g*?.
40 ml.). A pale blue solid separated immediately. This was 
filtered off, washed with ethanol, and then dried by pumping on 
it for five hours. The pale blue solid did not appear to change 
on exposure to air at first, but after twenty minutes it had 
become distinctly green.
Calculated for CrC^ Hgl'J^ O^ Cl^  : Cr, 21.4 j C, 9*9 5 H, 3.3 ; N, 23.0 ;
Cl, 2 9 .2 $ •
Pound : Cr, 21.6 ; C, 9*9 5 H, 3.3 ; N, 22.9 5 Cl, 29.4 #
(2) Dichlorotetrakis(urea)chromium(ll)
A solution of urea in ethanol (7.0 g., 50 ml.) was added to 
a solution of hydrated chromium(ll) chloride (3.8 g.) in a mixture
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of ethanol (40 ml.) and 2,2-diraethoxypropane (10 ml.). A blue 
solid separated immediately. This was filtered off, washed with
warm ethanol and dried by pumping on it for six hours. The dry
solid turned light green on exposure to air.
Calculated for CrC^H-^NgO^Cl^ : Cr, 14*3 j C, 13.2 5 H, 4.4 ,-
H, 30.9 ; Cl, 19.5 $
Found : Cr, I4 .4 5 C, 13.3 ; II, 4*4 F, 30.4 5 Cl, 19.4 $
(3) Dibromotetrakis(urea)chromium(ll)
A solution of urea in ethanol (7*4 g«? 50 ml.) was added to 
a solution of hydrated chromium(II) bromide in ethanol (6 .4 g»,
30 ml.). A light blue solid separated immediately. This was 
filtered off, washed with ethanol, and dried by pumping on it for 
four hours. The dry light blue solid turned pale green on 
exposure to air.
Calculated for CrC^H^gNgO^Br^ : Cr, 11.5 5 C, 10.6 ; H, 3.6 5
N, 24.8 ; Br, 35-3 $
Found : Cr, 11.5 ; C, 10.4 : H, 3.6 5 IT, 24*7 ; Br, 35*3 $
(4) Dichlorotetrakis(methylurea)chromium(ll),
A solution of methylurea in acetone (3.5 £•? 40 ml.) was
■x-
added to an *acetone; solution*of chromium(ll) chloride (1.8 g., 
40 ml.). A viscous blue oil formed immediately on the sides of 
the reaction vessel. After vigorous shaking for twenty minutes, 
the oil crystallised as a light blue solid. This was filtered 
off, washed with acetone and dried by pumping on it at room 
temperature for three hours and then at 90°C for a further two 
hours. The dry solid gradually turned from blue to light green
* this weight refers to the weight of hydrated salt from 
which the solution was prepared.
on exposure to air.
Calculated for CrCgH^iIgO^Cl^ : Cr, 12.4 5 C, 22.9 5 H, 5*8 5
II5 26.7 5 Cl, 16.9 $
Found : Cr, 12.4 ; C, 22.8 ; II, 6.0 ; IT, 26.6 5 Cl, 1 6 .4 #
(5) Dibromotetrakis(methylurea)chromium(lj)
A solution of methylurea in acetone (4-3 g«, 50 ml.) was 
added to an ’acetone solution5of chromium(ll) bromide (9«3 g.,
40 ml.). A light blue solid separated immediately. This was 
filtered off,.washed with acetone, and dried by pumping on it 
for five hours. The dry blue solid gradually turned light green 
on exposure to air.
Calculated for CrCgH^NgO^^ : Cr, 10.2 ;.C, 18.9 j H, 4.8 $
N, 22.1 <$>
Found ; Cr, 10.4 ; C, 19.2 5 H, 4.9 5 U, 22.6 $
(6) Bichlorobis(biuret)chromium(II)
A solution of biuret in ethanol (2,6 g., 60 ml.) was added 
to a solution of chromium(ll) chloride hydrate in ethanol (2.8 g., 
50 ml.), A pale blue solid separated immediately. This was 
filtered off, washed with ethanol, and dried by pumping on it for 
four hours at 90°C.
Calculated for CrC^H-^FgO^Clg : Cr, 15.8 t C, 14*6 5 H, 3.1 5
N, 25,5 5 Cl, 21.5 j>
Found : Cr, 15.9 5 C, 14.9 5 H, 3.1 ; II, 25.0 ; Cl, 21.5 $
(7) Other preparative studies.
Four further compounds were isolated which gave satisfactory 
analytical results for chromium and halide, but unsatisfactory 
microanalytical results for carbon, hydrogen and nitrogen. The
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analytical data are given in Table 4*1*
TABLE 4.1
Compound foCr foX foG foR <0
CrCl^. 2metbylurea C al c. 19.2 26.2 17.7 4.5 20.7
Pound 19.3 25 .8 18.7 4.7 19.4
CrBr^^urea Calc. 15.7 48.1 7.2 2.4 16.9
Pound 15.9 47.9 7.3 2.7 15 .8
CrBr^.2biuret Calc. 12.4 38.2 11.5 2.4 20.1
Pound 12.4 37.8 12.0 2.6 19 .2
Crl^.Turea Calc. 7.2 - 11.6 3.9 27.0
Pound 7.2 — 11.9 4.0 26 .2
CrClg^methylurea formed initially as an oil which subsequently 
crystallised, but CrBr^^urea and Crl^^urea crystallised only 
after addition of excess ethylacetate to the concentrated reaction- 
mixtures. However, both of these conditions are likely to cause 
contamination of the product with solvated chromium(ll) halide, 
which would not appreciably alter the percentages of chromium and 
halide found by analysis. The microanalytical data support this 
possibility, since the percentages of nitrogen are found: tolbe 
below the calculated values.
Attempts to prepare /. complexes of methylurea with chromium(ll) 
iodide, and complexes of.]'T,£P*-diphenylurea with chromium(ll) 
chloride, bromide and iodide were unsuccessful. Also, when biuret 
in alkaline solution was added to an aqueous solution of chromium(ll) 
chloride, immediate oxidation of the chromium(ll) salt took place.
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RESULTS AND DISCUSSION 
Magnetism
The magnetic results are shown in Table 4.2 and Figures 4.1 - 6. 
All the compounds, except CrCl^.Rurea, obey the Curie Law over the • 
temperature range investigated and have temperature-independent 
magnetic moments slightly below the spin-only value (4*90 B.K.).
Thus they contain magnetically normal, high-spin chromium(ll).
CrCl^.Rurea has a room temperature magnetic moment well below
the spin only value, which decreases as the temperature is lowered.
Since the reflectance spectrum (Figure 4*7) shows no significant 
bands in the 20,000 - 25,000 cm~^ region, where chromium(lll) is 
expected to absorb, the low moment and its temperature dependence 
can be attributed to antiferromagnetic interactions, probably 
arising from chloride-bridged structures. The graph showing the 
variation of the reciprocal of the atomic susceptibility with 
temperature (Figure 4.l) is a curve. Thus the Curie-¥eiss Law 
is not obeyed over the temperature range investigated, and no 
Curie-Ueiss constant can be obtained from the graph.
Since CrCl^.Rbu is magnetically normal, the two biuret
molecules must be chelating in order that the chromium(ll) ion 
can achieve hexacoordination without bridging chloride. The 
reflectance spectral results (discussed in the next section) are 
consistent with a six coordinate structure.
Reflectance Snectra
The reflectance spectral results obtained at room temperature 
and liquid nitrogen temperature are shown in Table-4.3. The liquid
Compound T (°K) 1o6x a ji0( B.M.)
CrCl^.2urea 294.5 8 ,164 1.225 4.39
262.5 8,941 1.118 4.33
230.0 9,768 1.012 4.27
198.5 11,000 0.909 4.18
166.5 12,380 0.807 4.06
135.5 14,000 0.714 3.90
104 .0 16,070 • 0 .622 3.66
89.5 17,070 O .586 3.50
(diamagnetic correction = -111 x 10^ c.{s.s. units)
CrCl^.^rea 294.5 9,701 1.031 4.78
262.5 10,910 0.917 4.79
230.5 12,480 0.801 4.80
198.5 14,510 O .689 . 4.80
166.5 17,330 0.577 4.81
136.0 21,310 O .469 4.82
104 .0 27,870 0.359 4.82
89.5 32,520 0.307
-a
4.83
(diamagnetic correction = -183 x 10 e.g.s. units)
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TABLE 4.2 (continued)
Compound
CrBr^.^urea
T (°K)
lo6X
-2 -1
10 X
pe(B.M.)
294.5 9,986 1.001 4.85
262.5 11 ,180 0.894 4.84
230 .0 12 ,810 0 .781 4 .8 6
198 .5 145880 0.672 4.86
166 .5 17,760 0.563 4*86
136 .0 21,890 0.457 4.88
104 .0 28,780 0.347 4.89
89 .5 33,310 0.300 4 .8 8
5 correction = -205 in’" 6x 10 e.g.s. units)
295.0 " 9,742 1 .026 4.79
262.5 10,920 0.915 4.79
230.0 12,400 0.806 4.78
198.5 14,460 0.691 4.79
166.5 17,240 O.58O 4.79
136.0 21,240 0.471 4.81
104 .0 27,750 0.360 4.80
89.5 32,090 0.312 4.79
correction = -230 in-6 x 10 e.g.s. units)
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TABLE 4«2 (continued)
Comuound
C rC l^ .S tiiu re t
(di
T (°K) A -2  -11° XA
294.5 10,100 0 .990 4 .8 8
262.5 11,290 0 .885 4.8?
23O .5 12 ,890 0 .776 4.87
198.5 14,980 0 .667 4 .8 8
166.5 17,930 0 .558 4 .8 8
135.0 22,170 0 .451 4.89
104 .0 28,950 0.345 4.91
89.5 33,460 0 .299 4-89
• correction as -253 X 10”  ^e.g.s. units)
294.5 9,970 1.003 4.85
262.5 11,180 0 .894 4.85
230.0 12,760 0.783 4.85
198.5 14,810 0.675 4.85
166.5 17,640 O .567 4.85
135.5 21,770 0.459 4*86
104 .0 28,420 0.352 4-86
correction = -I53 i n“*6X 10 e.g.s. units)
10-
2 
Xa
 1 
10-
2 
X
-1
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nitrogen temperature spectra are reproduced in Figures 4.7 - 4.12.
The spectra of all these: complexes, except CrCl^^urea,
resemble those found for tetragonally distorted chromium(ll)
compounds. But the resolution (at low temperature) of the comp-
_ _ 1
onents of the main bands in CrCl^^niethylurea (at 14,600 cm and 
12,400 cm ■*■) and CrBr,p.4urea (at 14,800 cm*"^  and 12,600 cm’”'*')
.indicate that lower symmetry components to the field may be present.
Rhombic or trigonal components would increase the separation
5 5between the components of T_ relative to the components of E .
2g g
The only complex to exhibit a clearly resolved distortion 
band is CrCl^^bu (at 10,800 cm~^). But this is probably due to 
the main band of this complex (at 15,200 cm”^) being at a higher 
frequency than in the other complexes, and not necessarily as a 
result of less (tetragonal) distortion. The position of the main 
band in CrCl^^bu indicates that two biuret molecules exert a 
stronger ligand field than four urea molecules, since it is at a 
higher frequency than than even the high frequency component of 
the main band in CrClg^iirea (at 14,800 cm”^) . Although at a 
higher frequency than has been found for other CrCl^O^ chromophores, 
the main band in the biuret complex is still well below the range 
for the CrCl^N^ chroraophore (17,000 - 21,000 cm-^). Thus chelation 
through both oxygen atoms of each biuret molecule is the most 
probable mode of coordination in CrClg^bu.
The distortion bands of CrClg^urea, CrBr^^urea, CrClg^nieurea, and 
CrBr^.4nieurea are present as shoulders on the low frequency sides 
of the main bands. Therefore, owing to the uncertainty in the 
positions of bands which are only present as shoulders, no comparison
TABLE 4.3 
Reflectance Spectral Results
Compound Frequency of maxima (cm*” )
Room Temperature Low Temperature
CrClg.2urea
CrCl^^urea
CrBr2.4urea
CrClg • 4niethylurea
CrBr^. 4niethylurea
CrCl2.2biuret
32,000 w
28.400 b
20-600 ¥ sf
19,000 sf
13,300 s
10,800 m sh
19?200 w sf 
13,000 s 
9 ,400 m sh
19,100 w sf 
14,400 s sh 
12,800 s
19,200 w sh sf 
13,800 s
13,500 s
15.000 s
11.000 m sh
33 200 w
28 200 m
20 800 w sf
19 000 ¥ sf
18 000 vT sh sf
16 000 ¥ sh sf
13 500 S
11 000 m
8 800 m sh
19 200 w sf
14 000 s sh
12 700 s
10 200 m sh
19 100 w sf
14 800 s sh
12 600 s
10 200 m sh
19 100 w sf
14 600 s
12 400 s
10 200 m sh
14 000 s
10 800 m sh
15 200 s
10 800 m
O
.D
. 
O
.D
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Figures 4.7- 4.9
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Figures 4.10-4.12
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of the relative tetragonal distortions in these complexes is 
possible.
The liquid nitrogen temperature spectrum of GrCl^.Surea 
indicates that this compound is considerably distorted. Three 
bands (13,500 cm~\ 11,000 cm~^ and 8,800 cm”'*') are present below
15.000 cm with the central band apparently closer to the
lowest frequency band. If the shoulder at 8,800 cm”'*' represented
the distortion band of a tetragonally distorted system, it is
unlikely that the components Of the main band would be so clearly
resolved, and less likely that their separation would be greater
than the separation of the components of the E term. Conseou-g _
ently the symmetry must be lower than The spectrum resembles
that found for the three halogeno-sulDstituied pyridine complexes 
discussed in Chapter one, although displaced to lower frequencies. 
Many of these compounds exhibit weak sharp bands between
15 .000 and 30,000 cm~^ , particularly at liquid nitrogen temperatures. 
Such bands are often observed in the spectra of chromium(ll) 
compounds when charge transfer bands do not obscure this region,
15
and are attributed to spin-forbidden transitions to triplet states 
CrCl^.Surea in addition exhibits a broader band at 28,200 cm A 
similar band was observed in the spectrum of CrClg. 2011^ 011 (Chapter 3) 
and it seems probable that both are due to an unresolved group of 
spin-forbidden bands.
Infra - Red Spectra (4000 - 250 cm ”*■)
Infra - red data have been used to determine whether urea or
54
substituted ureas are coordinated through oxygen or nitrogen* .
If urea is considered to be a resonance hybrid of the three
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canonical structures I, II and III, then the different modes of 
coordination will favour particular resonance structures.
H2H\  h / .  H2N\
C =  0 --0” C--0“
Hglr H2!K
i-
II III
Nitrogen coordination, increasing the electron demand on the 
nitrogen, will favour structure I ca,using an increase in the CO 
stretching frequency and a reduction in the CN and NH stretching 
frequencies. Oxygen coordination will favour structures II and III, 
causing a decrease in the CO stretch, an increase in the CN stretch, 
hut will not appreciably alter the NH stretch. The reductions in
the NH stretching frequencies found on nitrogen coordination are
-1  ^of the order of 100 era . Other frequencies shift according to
-1the mode of coordination, by between 5 and 50 cm
54Penland et al. carried out a normal coordinate analysis of 
urea, and assigned the following bands.
NH stretch 3100 - 3500 cra~^
CN stretch 1471 cm"*^  and 1005 cm ^
CO stretch and n -1 , ,/Qv -1, lo03 cm and 16o3 cmNHg bend
The infra - red spectral results obtained for the compounds 
that have been prepared in this work are given in Tables 4*4 and 
4*5* The far infra - red results (Table 4*5) are those obtained 
at liquid nitrogen temperature.
The bands found at 1001 cm-^ , 1600 cm”  ^and 1680 cm  ^for 
urea (Table 4*4) are considered to correspond to the bands found 
by Penland et al. at 1005 cm’”'*', 1603 cm~^ and 1683 cm No
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TABLE 4>4
Infra-Red Spectra (cm~“^) of the Chromium(ll) Urea, 
Methylurea and Biuret Complexes
Urea CrCl .2urea CrCl^^urea CrBr'2*4^ ea-
Lo 4
^
4
^ O m 3470 s 3410 s 3420 s
3340 s 3400 s 3320 s 3315 s
• 3220 m sh 3340 m b 3170 s 3220 m sh
1680 s 1657 s I65O s sh
1620 s 1630 s 1610 s 1630 s b
1600 s 1580 s I55O s 1580 s b
(1471)* 1482 s 1497 m
1150 in 1150 m 1145 m b 1150 in
1001 w 1022 17 1020 17 1020 17
788 17 770 17 770 17 771 w
579 v 6l8 m 626 17 622 m
563 m 550 m 540 m
496 m
380 17
337 w 345 w
310 w 322 17
ro CO 0 *5^
270 17
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TABLE 4.4 (continued)
Methylurea
(raeua)
CrCl2•4roeua CrBr2•4meua Biuret
(bu)
CrCl2*2bu
3420 s 3420 ra 3415 m 3400 s b 3350 s
3320 s 3320 s sh 3310 s
3200 s 3195 s 3200.m sh 3165 s 3175 s
3120 m sh 3140 m 3120 m sh
1645 s h 1630 s b 1610 s b I7OO s b 1685 s b-
1570 s b 1570 s b 1560 s 1595 s b 1620 ra sh
1424 m 1415 m 1410 ra
1170 in b 11701145
m
m sh
1 1 6 8
1149
1 0 8 0
ra
m
w b
1 1 2 0  w  
1075 w
1 1 2 8 m
&CMCOD- 770 m
7 8 0
770
m
w
96O m b 
767 ra
848
757
ra
ra
b
6 6 0  TW 685 w sh 683
635
ra
w
6 1 0  w 658
570
m
ra
531 w
510 W
-
519 ra
486
478
ra
ra
317 m 290 \ ' T 295 m ^ 295 w
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assignments have been made previously for methylurea. But since
the methyl group will probably alter the spectrum by enhancing the
contribution of (the equivalent of) structures II and III, some
tentative assignments for methylurea can be made by comparison of
its spectrum with that of urea. Thus the band at 1645 cm"”'*' probab-
—1ly corresponds to the band at 1680 cm"” in urea (UHg bend and GO
—1stretch), and the broad band centred at 1570 cm”’ probably includes 
the band corresponding to the band at 1600 cm*”'*' in urea (also NH^ 
bend and CO stretch). Bands corresponding to the 1471 cm  ^and 
1001 cm*”'*' bands in urea cannot be assigned with any certainty.
The poor mulling properties of some of these complexes have 
led to poorly resolved spectra. But it is possible to conclude 
that there is no evidence for metal-nitrogen coordination ; most 
spectra show evidence of inetal-oxygen coordination.
—1The NH stretching regions of the urea complexes (3100 - 3500 cm )
V.
are particularly difficult to interpret, since, by comparison with 
the spectrum of the free ligand, additional lower frequency bands 
are present. But the free ligand spectrum has a broad shoulder in 
the same region as these lower frequency ba.nds, and therefore the 
additional bands are probably due to better resolution as a result 
of a decrease in hydrogen-bonding 011 complexation. Shifts to
lower frequencies of the remaining bands in this region are apparent,
-1 _lbut these are of the order of 20 cm , whereas shifts of 100 cm
were found in the nitrogen-coordinated platinum(ll) and palladium(ll)
5 Acomplexes .
The NH^ bending and CO stretching regions of all the urea and 
methylurea complexes and both ligands (l600 - 1J00 cm ■*") have a 
number of broad and often poorly resolved bands. But a distinct
shift to lower frequencies is apparent, providing evidence for
metal-oxygen coordination.
—1 —1The hands at 1482 cm in CrCl^^urea and 1497 cm in
-1CrBr^^urea probably correspond to the 1471 cm CN stretching
frequency in urea. A shoulder between 1480 cm  ^and 1500 cm in
CrClg^^rea is probably the corresponding band in this complex.
Thus the implied increase in the CN bond order is further evidence
for metal-oxygen coordination.
The shifts in the 1001 cm  ^stretching frequency of urea
provides the clearest evidence for metal-oxygen coordination.
This band has moved to 1022 cm”'*' in CrCl^^urea and to 1020 cm *■
in both CrCl^^urea and CrBr^^urea.
A comparison of the infra-red spectra of biuret and CrCl^.^bu
indicates that metal-oxygen coordination only is present in the
complex, thus supporting the reflectance spectral results. The
very broad band in biuret centred at 1700 cm  ^has sharpened and
moved to I685 cm”'*'. Since this is probably the CO stretching 
62frequency , metal-oxygen coordination is indicated. Two very
broad bands present in the NH stretching region of biuret have
sharpened on complexation. It appears that the higher frequency
band has moved 50 cm”'*' to lower frequencies, but the better
-1resolved lower frequency band has shifted 10 cm to higher 
frequencies. However both bands would be expected to move to 
lower frequencies, and probably by more than 5^ cm \  if metal— 
nitrogen coordination was present.
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Far Infra-Red Spectra (/f.00 - JO cm”’*')
Very few metal-1igand stretching vibrations have been reported
/*
for chromium(ll) complexes. Clark and Williams investigated the
polymeric halogen-bridged complex C^py^Cl^ to 200 cm"”'*' and assign-
—1 —1ed the band at 219 cm” to v(Cr-il) and the bands at 382 cm”* and
1 8 303 cm to v(Cr-Cl). Khamar investigated a series of polymeric
halogen-bridged chromium(ll) complexes (C^halo-py^X^ where, X=C15 Br)
and assigned the halogen-sensitive bands in the regions 326 - 310 cm ^
to v(Cr-Cl) 5 252 - 282 cm”*^ to v(Cr-Br). For the iodides
—1
Cr(halo-py^l2 the range 238 - 272 cm”’ was . found for v(Cr-l), 
which seems unusually high, particularly since v(Cr-l) for three 
monomeric complexes also reported (Cr(3-chloropy) 2^2’ 
Cr^-bromopy^^I^O^Ig and Cr(3,5-dichloropy)^I^) were within the 
range 180 - 196 cm*”^ . Possibly the iodides Cr(halo-py) ^ 1^ are 
planar or distorted tetrahedral. Metal-nitrogen stretching modes
were assigned to the bands in the region 258 - 274 /Cnf\
\V
However, no terminal v(Cr-Cl) or v(Cr-Br) have been reported. 
Therefore the far infra-red spectra of the monomeric complexes 
CrX£«4urea (x = Cl, Br) and CrX^• 4nieurea (X = Cl, Br) have been 
recorded (Table 4*5)and Figures 4«13 - 4*14)• In addition, the 
far infra-red spectra of two further series of monomeric halide 
complexes (CrX^^p-pic and CrX^^Y-pic where X = Cl, Br, i) have 
been recorded (Table 4*6 and Figures 4*15 — 4*16). These complexes
g
were prepared by Khamar , but no far infra-red spectra wTere recorded.
"X Ti
Contrary to an earlier report , it has been found that,
generally, v(M-X)term.nal is within the same range as v(M-X)tridging,
63cbut that the former is usually much weaker than the latter •
Therefore it would be expected that v(M-X) for the monomeric 
chromium(ll) complexes reported here would be within similar 
ranges to those found by Khamar for the polymeric bis(halo-py)- 
chromium(ll) halides (but monomeric iodide complexes), but that 
they would be relatively weaker (compared with the metal-nitrogen 
stretching vibrations ).
. But a far infra-red study of a series of monomeric bis(bident-
ate-ligand)copper(ll) halides showed that the spectra only differed 
—1 6Xabelow 180 cm ‘ . Chloride-bridged copper(ll) complexes.have 
v(Cu-Cl) between 328 and 322 cm""'*' Since these monomeric
complexes were known to be strongly tetragonally distorted with 
the two halide ions on the elongated z-axis, it was concluded that 
the Cu-X bonds were too long to give rise to v(Cu-X) within the 
normal region. Adams and Lock^^ also concluded from their studies 
of other copper(ll) complexes that no long-bond stretching vibrat­
ions were observed in the usual range. The halogen-sensitive bands 
below 180 cm  ^were considered by both groups of workers to be due
to ’localised lattice modes’, since they are vibrations of, essent-
p. 2—
ially , the £Cu(bi dent at e-ligand) system. A study of
CuCl^^biuret found v(Cu-Cl) at 182 cm*"'*', at a lower frequency than 
was observed for v(K-Cl) in analogous complexes of manganese(ll), 
cobalt(il) and nickel(il)^C. It seems unlikely that this is due 
only to the greater atomic mass of copper, since v(lNTi-Cl)>pv(Co-Cl).
Therefore as a result of the structural similarities between 
chromium(ll) and copper(ll) compounds, it is possible that if the 
chromium(il) complexes, investigated here have tetragonally- 
distorted octahedral structures, with the halides in the trans-
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positions on the elongated z-axis, no v(Cr-X) will he observed
above about 200 cm’"'*. But if the two chromium-halide bonds are
in the xy-plane, as occurs in CrCl^^HpO (Chapter l), the v(Cr-X)
will be observed within the range approximately 330 - 300 cm*""**.
The spectra of all the compounds reported here are very
complex, suggesting that the symmetry is strictly lower than D..,4ii
although still probably (from the reflectance spectra) approximately 
tetragonal—octahedral. In three of the chloride complexes, a 
medium intensity band is present between 330 and 300 cm.'*', which
is absent in the analogous bromide complexes (at 315 cm ■*" in
—1 —1CrClp.4urea, 321 cnf* in CrCl^.^eurea and 322 cm"" in CrClg^p-pic).
Therefore these bands may be v(Cr-Cl), due to the presence of the
Cr-Cl bonds in the xy-plane. Halogen-sensitive bands are also
present below 200 cm"”’*' (193 cm’"'*' in CrCl^.^urea, 146 cm’"'*' and 
—1136 cm in CrCl^^p-pic • H-methylurea exhibits a highly complex 
spectrum below 200 cm”'*', which has made identification of halogen- 
sensitive bands in the complex impossible in this region). These 
bands may be due to deformation modes.
The three analogous bromide complexes, which would be expected 
to have v(Cr-Br) within the range of approximately 240-290 cm ■*", 
have no halogen-sensitive bands in this region. It is possible 
that the bands are beneath the strong bands present in all the 
complexes between 200 and 240 cm ■*", but these would place v(Cr-Br) 
at unusually low frequencies. However halogen-sensitive bands do 
occur below 200 cm *■ (at 98 cm ■* in CrB^^urea, 84 cnf"'*' in 
CrBr^^meurea and at 98 cm”'*' and 74 cm""’*' in CrBr^^p-pic), which 
therefore may be localised lattice modes.
TABLE 4*5
Far Infra-Red (cm , low temperature)
urea
(u)
CrCl^^u CrBr2.4u meurea
(mu)
CrC1^4niu CrBr^4mu
406 m 403 m 408 m 408 s 404 m 408 G
396 g 397 s 398 m 392 m 396 m 392 s
373 s 383 m 388 m 378 m 382 m
368 s 373 m 371 s 370 m 376 G 376 w
360 s 364 m 361 m 364 s
352 s 352's 350 s
342 m 346 s 348 w 344 s
338 w 338 m
328 m 328 s 328 m
322 m 321 m
315 s 316 w
312 m
306 m 306 w
302 w
294 w 298 w 297 s
280 m 271 m 274 W 280 vs
250 m 260 w 264 m 262 w
238 s 240 s 244 m 238 s
229 s 228 msh 228 w. 228 s
223 m 220 s 218 s 218 w 216 s
208 s 212 s 208 m
204 m 200 w
193 s 192 s 188 m
183 wsh 181 ;,s 182 m 182 w
178 G 176 s 178 s
170 m 168 w 172 m 172 V
163 s 164 s I64 m I64 m
158 m 160 g
urea CrCl^^u CrBr^^u meurea CrCl^rou GrBr^mu
150 m 150 s 151 17
148 17
131 s 136 s 136 17 140 ra
124 ■wsh 122 s 124 ra 122 rash
118 m 118 m
104 in 106 17 108 il 110 m 108 m 110 ra
98 m 1.00 m 96 17
86 s 88 17 84 s
—
j
CO B 77 m 76 m 78 m
7 2  m 72 m 61 ra
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TABLE 4.6 
—1Far Infra-Bed (cm” , loir temperature)
CrCl2.4|3-pic CrBr2.4{5-pic CrL^p-pic CrCl2.4y-pic CrBr2.4y-pic Crl2.4y*pic
418 s 412 s 398 m 405 w 
395 w 392 w . 394 m
384 w 390 w 382 m 386 u
‘ 372 ifj 
*
355 m
376 w ' 
358“s
*
359 m 
344 ir
368 w 
353 w
372 w 
354 w
371 w ' 
353 u
335 w 330 w 332 w
322 m
295 rn 292 s 298 s 296 s 298 s
280 s 286 s
266 v 258 -wsh
*
222 m
*
223 m
245 w
226 m
246 m 244 m 246 m
212 m 208 msh 
204 s 202 s
I89 m
202 ^m
*
199 m
180 w -
192*m
172 s 172 \ T
■*
164 m
^  * 160 w 163%166 m 158 w
I46 s 140 w 142 msh
136 s 136 s
116 s 122 s • 120 wsh
100 wsh 108 msh 
98 s
107 m 102 m 
95 m
106 w 
90 m
78 m 74 s 78 s 76 m 77 s 76 s
■fcfree ligand vibrations^^
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Figure 4.13
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Figure 4.15
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The iodide complex, Crip.4p-pic, exhibits a hand at 189 cm  ^
which may he v(Cr-l) since it appears to he halogen-sensitive and 
occurs within the range found hy Khamar for v(Cr-l) in the monomeric 
halo-pyridine complexes (180 - 196 cm ,
The three complexes CrXp.dy-pic (X = Cl, Br, i) show 110 
halogen-sensitive hands ahove 200 cm’"*'5'. Consequently they may
all contain long Cr-X honds only. Halogen-sensitive hands do occur
—1 —1 —1he low 200 cirf* for the chloride (13 6 cm and 122 cm ) hut none
a.re -apparent in the hromide and iodide complexes - which may he 
because they are helow the experimental range.
CHAPTER 5
COI'IPLSXES OF CHROMIUM(II) HALIDES 
WITH THIOUREA AND SUBSTITUTED THIOUREAS
-  95 -
INTRODUCTION
Ligands having sulphur only as a donor atom have "been less 
extensively studied than ligands which coordinate through oxygen 
and nitrogen. The most widely studied sulphur donor ligands, 
excepting the sulphide ion itself, are the negatively charged 
bidentate xanthates, dithiocarbamates, dithiophosphates and some 
dithiols.
The most widely studied neutral sulphur donor ligands are
thiourea and substituted thioureas. Thiourea itself forms complexes
with many metal ions, although the most stable are formed with
Class B metal ions. Copper(ll) and iron(lll) are reduced by thiourea
which forms complexes with the metals in their lower oxidation 
65states . It has been found to coordinate through sulphur to all
metal ions except titanium(iv), where infra-red evidence suggests
66coordination occurs through one nitrogen atom only
The most commonly investigated substituted thioureas are
ethylenethiourea(imidazolidine-2-thione), N-alkylsubstituted
and NjN'-dialkylsubstituted thioureas. Again coordination through
sulphur is usually found, although ambidentate behaviour has been
found for N-methylthiourea and NjN'-dimethylthiourea, which
coordinate through nitrogen to platinum(ll), palladium(ll) and
copper(l), but through sulphur to zinc(ll) and cadmium(ll)^5^ .
N,N*—diethylthiourea is thought to be bidentate and bridging
through both nitrogen atoms in 2TiCl^.detu^.
69Jorgensen has shown that sulphur donor ligands produce a 
range of ligand field strengths, varying between the chloride ion 
and beyond nitrogen in the Spectrochemical Series. But the majority
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of neutral sulphur ligands have ligand field strengths intermed­
iate between the chloride ion and water, and sulphur is usually 
placed between chloride and oxygen in the Short Spectrochemical 
Series.
The only compounds of chromium(ll) which contain ligands
9coordinated through sulphur are the dialkydithiocarbamates . All 
have a broad asymmetric band in their reflectance spectra, occurring 
at approximately 14,000 cm’*'5' and assigned to the superimposed
R R R • R
Ii*  B, and E *—  B-, transitions in D., . and a shoulder at2g lg g lg 4h?
• -1/5 5 \approximately 11,000 cm ( A. *—  B-, ). Since these compounds
- * • 0
probably contain a square pyramidal arrangement of sulphur atoms
about the central ion (as discussed in Chapter l), the symmetry
will be lower than D,, .4h
EXPERIMENTAL
The chromium(ll) halide ‘acetone solutions’ were prepared as 
described in Chapter 3. The weights of chromium(ll) halide recorded 
below refer to the weight of the hydrated halide from which the 
'acetone solutions' were prepared. The ligands were usually only 
partially soluble in the volumes of acetone used.
a) Dichlorobis(thiourea)chromium(ll).
A suspension of thiourea in acetone (2*5 g* in 30 ml.) was 
added to an 'acetone solution' of chromium(ll) chloride (3*4 £•)• 
After shaking, a yellow-green solid separated which was filtered 
off, washed with acetone and dried by pumping on it at room 
temperature for two hours, then at 130°C for a further five hours. 
The dry solid was bright yellow. At the points of contact between
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the solid and glass of'the filtration apparatus, a dark brown 
colouration was observed. But when the compound was tapped into 
the *T-piece' (Figure 2.2) prior to heating, the brown solid 
remained stuck to the glass, and no further discolouration was 
observed after drying at the elevated temperature. The compound 
instantly turns brown on exposure to air.
Calculated for CrC^gll^C^ : Cr, 18.9 ; C, 8.7 5 H, 2.9 5 N, 20.4 $ 
Found : Cr, 19.1 ? C, 8 .6 5 H, 2.9 ♦ N, 19.9 $
(2) Dichloroacetonebis(thiourea)chromium(ll).
This compound was prepared in the same way as dichlorobis- 
(thiourea)chromium(ll), but was dried by pumping on it for six 
hours at room temperature only. The dry solid was a yellow-green 
colour, which slowly turned a sandy colour on exposure to air. 
Calculated for CrC^^OSgClg : Cr, 1 5 .6 5 C, 18.0 ; H, 4.2 5
II, 16.8 $
Found : Cr, 15 .5 • C, 17.9 5 H, 4-3 $ N, 16.9 $
(3) 3)ibromotetrakis(thiourea)chromium(ll). . ■ ■
A suspension of thiourea in acetone (3*4 g* in 40ml.) was' 
added to an 'acetone solution* of chromium(ll) bromide (3 .1 g.)»
After shaking, a clear solution was left which was coloured a 
yellower green than the original 'acetone solution' of the metal 
salt. Addition of excess ethylacetate to the concentrated solution 
(concentrated to approximately half-volume) produced a blue-green 
solid which was filtered off, washed with ethylacetate and then 
dried by pumping on it at room temperature for one hour, then at 
90°C for a further three hours. The dry light blue compound 
gradually turned yellow-green on exposure to air.
Calculated for CrC^gllgS^^ : Cr, 10.1 ; C, 9*3 5 H, 3.1 ;
N, 21.7 i
Pound : Cr, 10.1 ; C, 9 .4 5 H, 3.1 5 N, 22.2 $
(4) IIexakis(thiourea) chromium(ll). iodide.
A suspension of thiourea in acetone (6.3 g. in 40 ml.) was 
added to an’acetone solution* of chromium(ll) iodide (5*5 £•)• 
After shaking, a clear solution was left. Addition of excess of 
ethylacetate to the concentrated solution (concentrated to half­
volume) produced a hlue-green solid, which was filtered off, 
washed with ethylacetate and then dried by pumpung 011 it at room 
temperature for eight hours. The dry solid was blue-green, which 
turned light green instantly on exposure to air.
Calculated for CrCgH^N-^Sglg * Cr? 6.8 ; C, 9*5 5 H, 3*2 ;
N, 22.0 $
Pound : Cr, 7.1 ? C, 9.6 5 H, 3.0 5 II, 21.9 fo
(5) Dichlorobis(lT,rT*-ethylenethiourea)chromium(ll) .
A suspension of the ligand in acetone (3.1 g. in 30 ml.) was 
added to an ’acetone solution* of chromium(ll) chloride (3.0 g.). 
A very pale blue solid separated. The mixture was boiled for ten 
minutes and then cooled. The solid was filtered off, washed with 
acetone and then dried by pumping on it at room temperature for 
three hours, and then at 90°C for a further one hour. The dry 
solid was light blue, which gradually turned light brown on 
exposure to air.
Calculated for CrCgH^lT^C^ t Cr, 1 5 .9 ; C, 22.0 ; II, 3.7 5
H, 17.1 $
Found : Cr, 16.1 ; C, 21.9 ; H, 3.7 ; U, 16.7 f
(6) Pentakis (N,N1-ethylenethiourea)chromium(ll) bromide.
A suspension of the ligand in acetone (3.3 g. in 30 ml.) was 
added to an ’acetone solution’ of chromium(ll) bromide (2 .6 g.).
A blue-green solid separated immediately. The mixture was boiled 
for ten minutes and then cooled. The solid was filtered off, 
washed with acetone and then dried by pumping on it at room 
temperature for two hours, and then^  at 90°C for a further one hour 
The dry solid was a pale blue-green colour, which did not change 
on exposure to air for two hours.
Calculated for CrC^EgQlT^QSj-Br^ : Cr, 7*2 ; C, 24.9 5 H, 4*2 ;
II, 19.4 $
Found ; Cr, 7.2 ; C, 24.7 5 H, 4.2 ; II, 18.8 $
(7) Di-iodotetrakis(tl,11 ’-ethylenethiourea) chromium(ll).
A suspension of the ligand in acetone.(5 .6 g. in 30 ml.) was 
added to an 'acetone solution' of chromium(ll) iodide (3*6 g.).
The mixture was boiled for five minutes until all the ligand had 
dissolved. On cooling, a pale green solid separated which was 
filtered off,.washed with acetone and then dried by pumping on it 
at room temperature for five hours. The dry solid was light green 
which gradually turned yellow on exposure to air.
Calculated for CrC^H^lIgS^ : Cr, 7.3 ; C, 20.2 ; H, 3.4 5
N, 15.7 % .
Found : Cr, 7*4 > C, 20.5 ; H, 3*4 5 H 5 15*9 $
(8) Dichloro(U,II’-dicyclohexylthiourea)chromium(ll).
A suspension of the ligand.in acetone (4 .8 g. in 30 ml.) was 
added to an 'acetone solution’ of chromium(II) chloride (2.2 g.).
A light green solid gradually began to separate, but on shaking
-  1 0 0  -
this was apparently replaced by a dirty yellow feathery solid.
The mixtured was boiled for five minutes and then cooled. The 
solid was filtered off, washed with acetone and then dried by 
pumping on it at room temperature for seven hours, and then at 
100°G for a further two hours. The dry solid was yellow, which 
instantly turned brown on exposure to air.
Calculated for CrC^gB^lIgSCl^ • Or, 14• 3 I C, 43.0 $ H, 6.7 5
11, 7 .7 55
Found. : Cr, 14-5 5 C, 42.8 ; H, 6.9 ; 11, 7*7 #
(9) Pent aki s (IT, II1 -di eye 1 ohexy 11 hi our e a) chromium (II) br omi de.
A suspension of the ligand in acetone (5*5 g*. in 30 ml.) was 
added to an ’acetone solution’ of chromium(ll) bromide (3.8 g.). 
After shaking for fifteen minutes all the ligand had dissolved.
A few minutes later a light green feathery solid began to 
separate. When the separation appeared complete, the solid was 
filtered off, washed with acetone and then dried by pumping on 
it for four hours at room temperature.
Calculated for OrCg^H^^Q^jQO^Br^ J Cr, 3*7 5 C, 55*2 ; H, 8.5 ;
H, 9*9 $
Found : Cr, 3.7 ; C, 54-9 5 H, 8.8 ; II, 9.6 $
(10) Hexakis(l:I,II’-dicyclohexylthiourea)chromium(ll) iodide.
A suspension of the ligand in acetone. (5-2 g. in 30 ml.) was 
added to an 'acetone solution' of chromium(ll) iodide (1.4 g*)«
A pale yellow-green solid separated immediately. The mixture 
was boiled for ten minutes and then cooled. The solid was 
filtered off, washed with acetone and then dried by pumping on 
it for four hours at room temperature, then for a further twelve
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hours at 120°C.
Calculated for CrC^gH^^lT-j^S^Ig : Cr? ’ C, 53• 6 ; H, 8.3 ;
N, 9*6 f
Pound : Cr* 2.8 ; C, 53.3 5 H, 8.5 $ P, 9*3 f
Other preparative studies.
(l) Sulphur donor ligands : Attempts were made to prepare
his-* tetrakis- and hexakis-(ligand) chloride, bromide and iodide 
complexes of each ligand. But with all ligands-only one complex 
of each ligand and halide could be isolated. The complexes of 
chromium(il) bromide with N,2Tf-ethylenethiourea and rJ,N*-dicyclo- 
hexylthiourea, each with five moles of ligand per mole of chromium(ll) 
bromide, separated even from solutions containing two moles of 
ligand per mole of bromide.
All attempts to isolate a complex with IT,Nf-di-n—butyl thiourea 
were unsuccessful, although a slight colour change accompanied 
the addition of the ligand solution to the metal halide solution. 
Addition of excess of either ethylacetate, tetrahydrofuran or 
diethyl ether to concentrated solutions of the reaction mixtures 
only diluted them. Evaporation to dryness left a mixture of 
solids, one of which appeared to be the free ligand. This result 
was surprising since compounds with ITjlJ’-dicyclohexylthiourea, 
which is presumably more sterically hindered than l\T,N’-di-n-butyl- 
thiourea, were isolated comparatively easily. It was observed that 
the latter ligand was very soluble in all the solvents employed, 
unlike the other thioureas. The solubility of the ligand in the 
solvent of the reaction mixture may therefore be important in 
determining whether or not a complex will crystallise. Since
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concentration of the reaction mixtures would tend to remove the 
more volatile solvents first, concentration of the ’acetone 
solutions’ would increase the proportion of methanol, the stronger 
donor. This might account for the failure to isolate a complex 
after evaporation to dryness.
(2) Phosphorus donor ligands1' : Ho complexes of either tri- 
phenylphosphine or l,2-bis(diphenylphosphino)ethane could be 
isolated from ’.acetone solutions’ of the halides and ligand. The 
phosphines dissolved more readily in the complex mixture than in 
the same volume of pure solvent, but attempts to isolate complexes 
resulted in the precipitation of the phosphine or solvated metal 
halide or both.
The addition of triphenylphosphine in THE (in which it is 
very soluble) to CrClg.THF in THF turned the halide solution 
from blue to greeny-blue. But concentration of the solution 
caused the blue tetrahydrofnranate of chromium(ll) chloride to 
crystallise. This was identified by analysis of the dried white 
product, which was found to be CrCl^.THF.
Addition of l,2-bis(diphenylphosphino)ethane in THF to 
CrCl^THF in THF produced a similar colour change. But concentrat­
ion of this solution left a viscous green liquid; Addition of 
excess of toluene only diluted the solution. But the addition 
of 2,2-dimethoxypropane to a reconcentrated solution (which was 
again a viscous green liquid) caused the precipitation of a light 
green solid. Subsequent analysis showed this to be CrCl^^THF.
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RESULTS AND DISCUSSION 
Magnetism'
The magnetic results are given in Table 5*1 and Figures 5.1 -? 5* 
Complexes of the thioureas with chromium(ll) bromide and iodide all 
obey the Curie Law over the temperature range investigated, and have 
approximately temperature-independent magnetic moments slightly 
below the spin-only value (4*90 B.M.). Therefore they contain 
magnetically normal high spin chromium(II).
Complexes of the thioureas with chromium(ll) chloride have 
magnetic moments well below the spin-only value at room temperature, 
and these decrease as the temperature is lowered. The compounds 
would have to be between 80 and 100$ oxidised in order to attrib­
ute the low values of the moments to the presence of chromium(lll).
The reflectance spectra have no significant bands between 25?000 and
20,000 cm \  and therefore the low moments and their temperature- 
dependence can be attributed to antiferromagnetic intersections, 
arising from chloride- or sulphur-bridged structures. Chloride-
6 7 8
bridged structures in chromium(ll) compounds are well established 9 9 ,
but there is little evidence for sulphur-bridging. If the diethyl-
dithiocarbamato-chromium(ll) complex (discussed in Chapter l) is
isostructural with the analogous copper(il) complex, then the
intramolecular antiferromagnetism of the chromium(ll) analogue^ is
probably transmitted via bridging sulphur atoms. The sulphide ion
70in chromium(ll) sulphide may be bridging, since the magnetic data 
indicate that strong antiferromagnetic interactions are present 
(© is approximately equal to 1000°, compared with 1^0° in CrClQ).
But metal-metal bonds may be partly responsible. However, bridging
TABLE 5.1
Magnetic Results
Compound T (°K) io6xa P-q (B. M •)
CrCl2.2-tu 294.5 8,535 1.171 4.49
CD II ro o 262.5 9,344 1.070 4.43
230.0 10,620 0 .941 4.42. .
198.5 12,040 0 .830 4.38
166.5 13s990 0.715 4.32
136.0 16,330 0.612 4.22
104 .0 19,660 ' O .509 4.05
89.5 21,640 O .462 3.94
(diamagnei;ic correction « -130 X 10*"^  c.g.s. unit:
CrClg.2tu. 295.0 8,251 1.212 4.41
acetone
262 .8 8 ,966 1.115 4.34
(6 = 96°) 230.0 9,861 1.014 4 .2 6
198.5 10,900 0.917 4.16
166.5 12,160 0.823 4.02
135.0 13,570 0.737 3.83
103.5 15,240 O .656 3.55
89.5 15,960 0 .626 3.38
(diamagnetic correction = -I65 x 10“6 e.g.S. UI
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TABLE 5 ♦ 1 (continued)
Compound T (°K) 1°6Xa
~2 -110 xA p 6(b.:
CrCl ,2etu 295.0 7,937 1.260 4.33
(6 = %°) 262.5 8 ,662 1.154 4.27
230.5 . 9,492 1.053 4 .1 8
198.5 10,460 0.956 4 .0 8
166.5 11,530 0.867 3.92
136 .0 12,630 0.792 3.71
1 04 .0 13,710 0.729 3.38
8 9 .5 13,980 0.715 3 .1 6
(diamagnetic correction = -167 x 10 e.g., s • un:
CrCl^.dctu 294 .5 6 ,221 1.607 3.83
(e = 260°) 262 .5 6,595 1.516 3.73
230 .0 7,029 1.423 3 .6 0
198 .5 7,444 1.343 3.44
166 .5 7,838 1.276 3.23
135.0 8 ,178 1.223 2 .9 8
104 .0 8,334 1 .200 2.64
89.5 8,294 1.206 2.44
(diamagnetic correction = -2 2 0 x 10 e.g.s. units)
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TABLE 5.1 (continued)
Compound T (°K) i°6xa
-2  -1
1° xA
CrBr^^tu 295.0 9,994 1.001 4 .8 6
262.5 11,280 0 .886 4 .8 6
230 .0 12,790 0.782 4.85
198.5 15,000 O .667 4*88
166 .5 17 ,870 O.56O 4 .8 8
135.5 22,060 0.453 4.89
10 4 .0 23,810 0.347 4.89
( diamagnetic correction = -2 3 7 x 10™^ c.g.s. units)
CrBr2.5etu 294*5 9,587 1.043 4.75
262.5 10,810 0.925 4.76
230 .0 12,330 0 .811 4.76
198.5 14,320 O .698 4.77
166.5 17,090 O .585 4.77
136 .0 21 ,070 0.475 4.79
1 04 .0 27 ,020 0.370 4.74
89.5 31,530 0.317 4.75
(diamagnetic correction = -370 x 10“6 e.g.s. units)
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TABLE 5.1 (continued)
Compound T (°K) H 0 x°
^
>
-2 -1
10 V /ie(B.M.)
CrBr^^dctu 294.5 9 ,552 1.047 4.74
262.5 10,760 0.929 .4.75
230.0 12,300 0.813 4.76
198.5 14,310 0.699 4.77
166.5 17,060 O .586 4.77 .
135.0 21,020 . O .476 4.76
104 .0 27,540 0.363 4.78
89.5 31,830 . 0.314 4.77
(diamagnetic. correction = -934 ,n-6 x 10 c.g,.s. units)
Crl^^tu 294.5 10,480 0.954 4.97
262.5 11,710 0.854 4.96
230.0 13,380 0.747 4.96
198 .5 15,600 O.64I 4.98
166.5 18,630 0.537 . 4.98
136 .0 23,010 0.434 5.00
104 .0 29,940 0.334 4.99
89 .5 34,520 0 .290 4.97
(diamagnetic correction = - 353 x 10 e.g.s. units)
TABLE 5«1 (continued)
Compound T ( °K) 106Xa , n-2  -110 xA pe(B.H.)
Crlg^etu 295.0 10,060 0.994 4.87
262.5 11 ,270 0.887 4.87
230 .0 12 ,850 0.778 4 .8 6
198.5 14,940 O .669 4.87
166 .5 17 ,860 O.56O 4 .8 8
136 .0 22 ,000 0.455 4.89
104 .0 28 ,960 0.345 4-91
89.5 33,430 0.299 4-89
(diamagnetic correction = -341 -m-6x 10 c.g.s. units)
Crlg^dctu 295.0 9,649 1.036 4-77
262.5 10,830 0.923 4.77
230 .0 12 ,310 0 .812 4.76
198.5 14,370 O .696 4.78
166.5 17,160 0 .583 4.78
135.0 21,080 0 .474 4.77
103.5 27,570 0.363 4.78
89.0 31,870 0.314 4.76
(diamagnetic correction « -1140 in-6x 10 c.g.s. unite
1.4*
1 <
X 0.7-1
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by sulphur is established in some complexes of nickel(ll) with 
71thiourea
CrCl^.dctu has a larger Weiss constant (© = 260°) than CrCl^, 
and therefore may contain sulphur bridges. The presence of the 
ligand would be expected to decrease the interactions present in 
the anhydrous chloride, unless it also participated in their 
transmission. Most complexes of chromium(ll) chloride which 
contain one or two coordinated ligands in addition to bridging 
chloride, have Weiss constants below 100°.
The Weiss constants of CrCl^'Stu and CrCl^^etu are both 
below 100° (23° and 96° respectively) and therefore sulphur bridg­
ing is less likely in these complexes. CrCl^.^tu.acetone has a 
considerably larger Weiss constant (96°) than CrCl^^tu, which 
seems difficult to rationalise using the concept of the ’disturbance’ 
of the interactions present in the anhydrous chloride. It seems 
unlikely that acetone is involved in the transmission of anti­
ferromagnetic interactions.
None of the complexes of chromium(ll) chloride obeys the 
Curie-Weiss Law over the whole temperature range investigated.
The graphs of absolute temperature versus the reciprocal of the 
gram susceptibility curve upwards at low temperatures after 
descending approximately linearly (Figures - 5*4)• Consequently 
the values given for the Weiss constants are approximate, having 
been obtained by extrapolation from the linear parts of the curves 
only. For CrCl^.dctu, the Neel temperature is within the range 
investigated, occurring at approximately 100°K.
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Reflectance Spectra.
The results of reflectance spectral investigations at room 
temperature and liquid nitrogen temperature are shewn in Table 5*2. 
The low temperature spectra are reproduced in Figures 5 » H  — 5«20.
Extraneous bands due to infra-red overtones of ligands and water
/ \ -1vapour (in the spectrophotometer; occur between 5,000 cm and
-17,100 cm . This has made the determination of the maxima of 
bands in this region uncertain. ■ ■
The spectra of the chloride complexes conform to the shape 
expected for tetragonally distorted systems, although the degree 
of distortion varies considerably. The frequencies of the dist­
ortion bands increase in the order,
CrCl^.dctu <  CrCl2.2tu< CrCl^.2tu.acetone ^  CrCl^^etu.
—1
The main bands all occur within the range 11,000 - 12,000 cm 
This suggests that the ligand field strengths of the thioureas 
investigated are similar to that of the chloride ion, since the 
main bands of the anhydrous chloride and double chlorides occur 
within the same range. Estimates of the ligand field parameter, 
using the approximate method described in Chapter 1 and the Rule 
of Average Environment, indicate that thiourea is a slightly 
weaker ligand than chloride.
The spectra of the bromide and iodide complexes appear less 
straightforward. The range of frequencies over which the main 
bands are found is much larger than found for the chloride
—1
complexes, extending to higher frequencies (11,400 - 13,900 cm ). 
Since bromide and iodide have weaker ligand fields than chloride, 
this is surprising. Also, some of these spectra do not conform to
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q?ABL5 5.2
Reflectance Spectral Results
Compound Frequency of 
Room temperature
maxima (cm
Low temperature
. Cr01o.2tu 31,000 vs b 30,500 vs bd 17,150 vw sf 17,000 vw sf
14,950 vw sf 14,950 vw sf
11,600 s . 11,700 s
8,000 m sh 7 ,400 m
CrCl0* 2tu.acetone 30,000 vs b 30,000 vs bd 17,800 vw sf 17,800 vw sf
11,900 s 12 ,500 s
8,400 m sh 11,600 s sh
8 ,300 m
CrCl^^etu 33,800 vs b 33,600 vs bd 21,400 vw sf 21,200 vw sf
17,600 vw sh sf 20,100 vw sf
17,200 vw sf 17,600 vw sf
11,400 s 17 ,150 w sf
16,700 vw sf
11,600 s
9,000 m sh
CrCl0.dctu 28,000 vs sh 29,000 vs shd 18,200 vw sf 18,200 vw sf
15,300 vw sf 17,300 vw sf
11,000 s 15., 300-I vw sf
6,700 m 11 ,400 s
6,700 m
CrBr0.4tu 30,400 vs b 30,200 vs bd 12,200 s 14,000 s sh
8,000 m sh 12,600 s
11 ,400 s sh
9,000 m sh
CrBr0.5etu 31,400 vs 32,200 vsd 13,900 s 17,200 vw sh sf
11,000 m sh 14,500 s
11,000 m
9,800 m sh
(continued)
TABL3 5*2 (continued)
Compound Frequency of 
Room temperature
maxima (cm )^
Low temperature
CrBr0.5dctu 32,000 vs b 32,200 vs bd 19,800 vw b 19,800 vw b
12,800 s 13,000 s
9,600 rn sh 10,200 m sh
Crln.6tu 30,500 vs b 30,000 vs bd 22,600-vw sf 22,500 vw sf
20,200 w sf 20,200 w sf
19,200 vw sf 19,200 vw sf .
13,300 vs 13,600 vs
11,200 m sh
Crln.4etu 30,000 vs b 30,000 vs bd 21,000 w sf 20,700 w sf
17,400 vw sh sf 17,200 w sf
11,400 vs 11 ,700 vs
10,200 vs
Crln.6dctu 34,600 vs b 34,800 vs b2 29,000 sh 32,600 vs sh
14,000 m 14,300 m
11,600 m sh 11,800 m sh
6,000 w
0.
0.
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the expected shape for spectra of weak tetragonally or rhombically
distorted systems.
A number of possible explanations may account for these
observations. If the thioureas are in fact stronger donors than
chloride, and not of similar strength as suggested by the spectra
of the chloride complexes, then the range of frequencies for CrS^
—1may be as large as 12,000 - 15,000 cm"" (i.e. between the ranges 
for CrCl^ and GrO^). Secondly, large distortions or alternative 
stereochemistries may account for the higher frequencies of the ■ 
main bands. The square pyramidal chromium(ll) diethyldithiocarbam- 
ate has its main band at 14,000 cm’"'*' 5 but this may be partly due 
to a higher ligand field attributable to this ligand. A further 
possible explanation for the high frequencies of the main bands, 
is that some metal-nitrogen coordination is present. This 
possibility is discussed below in the section on infra-red.
The spectra of Crl^.Stu and Crl^^dctu both resemble the 
spectra found for approximately tetragonally distorted systems.
A significant difference between the two spectra is that the 
intensity of the main band of Crl^^tu (at 13,000 cm \  low temp.)
is approximately equal to the intensity of the charge-transfer
—1 —1
band at 30,000 cm”" , while for Crl^^dctu the main band (at 14,000cm
low temperature) is much weaker than the charge-transfer band in the
30,000 - 35,000 cm’”'*' region. This may indicate that the symmetry
in Crl^.Stu is lower than in Crl^^dctu. The distortion band
—1of Crl^^dctu appears to be between 5?°00 and 7,000 cm"" (this 
region contains infra-red overtone bands), which suggests that 
the tetragonal distortion is less in this compound. The distortion 
band of Crl^^tu appears as a shoulder (at 11,200 cm , low temp.)
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on the main hand.
The low temperature spectrum of CrBr^.^tu clearly shows
evidence of three components under the main hand (14?000 cm "sh,
—1 —1 12,600 cm ■ and 11,400 cm~ sh). The distortion hand occurs as a
-1medium intensity shoulder at 9s000 cm . « This complex therefore 
exhibits the four-hand spectrum expected for a rhombically 
distorted compound. Since the energy of the lowest frequency 
hand, representing the separation of the components of 3^ (in 0^)? 
is larger than the separation between the upper and lower compon- ■ 
ent-s of T0 (in 0, ), the field is predominantly tetragonal.tig n
The low temperature spectrum of Crl^^etu exhibits a single 
intense hand at 11,700 cm~^ with a shoulder at 10,200 cm*”'*', giving 
the appearance of a double-hand. This may indicate a highly tetragonally 
distorted system with the shoulder representing the distortion hand.
An alternative explanation, that the tetragonal distortion is so 
weak that the distortion hand is below 5?000 cm  ^and consequently 
not observed, seems less likely since the main band would not then 
he expected to split.
The complexes CrBr^^etu and CrBr^^dctu may he five coordinate. 
Apart from the unusual stoicHeometry, the similarity of their 
reflectance spectra, particularly of CrBr^^^-0^? with the reflect-
•70 7*}
ance spectra of Cs^SO^.CrSO^^H^O and Cr(acetate)^.HgO indicates
2+that the microsyrnmetry of Cr may also he The caesium-
chromium(ll) double sulphate is thought to have a sulphato-
hridged binuclear structure, similar to the acetate, in which
each Cr^+ is surrounded by four sulphato-oxygen atoms approximately
2+co-planar with Cr , and a water molecule in one of the axial
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2+positions. The other axial position is■effectively the other Cr 
of the binuclear unit, which is presumably at a greater distance
from the first Cr^+ than are the five oxygen atoms (one from H^O,
\ 24-four from the sulphates). Thus the■microsymmetry of.each Cr is
approximately square pyramidal (C. )« These tiro binuclear complexes,ZJ.V
the acetate and double sulphate, exhibit similar reflectance spectra
which are characterised by having relatively more intense main
bands than distortion bands, compared to the relative intensities
of the main and distortion bands of other chrornium(ll) complexes.
This is considered to be due to the relaxation of selection rules
when the symmetry descends from D (centre of inversion) to
(no centre of inversion), resulting in one orbitally allowed
transition (^ E*«— in C^v) with the remaining two bands (^B^—
and S^1H orbitally forbidden. In J)^ all transitions
are orbitally forbidden. The spectrum of CrBr^^&ctu does have a
—1relatively weak distortion band (10,200 cm*” ) present as a shoulder 
on the main band (13,000 cm~^). But the spectrum of CrBr^^etu is 
more complicated. Although it has a strong main band and a weak 
lower frequency shoulder, a third band of medium intensity is present 
between these two bands.
It has not been possible to determine by other means whether 
or not a bromide ion is in the first coordination sphere of these 
two 5 : 1 complexes, since no suitable solvent could be found 
for conductance measurements and the far infra-red results were 
inconclusive (see below).
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Infra-Red (4000 - 250 cm -1)
On complexation the infra-red bands of the free ligands
(thiourea and substituted thioureas) have been found to shift,
and the magnitude and direction of these shifts have been used to
determine whether coordination occurs through nitrogen or sulphur.
The assignment of these bands to particular vibrations of the ligands
has been found to be complicated since many of the vibrations
■interact. The literature contains different assignments of the
same bands, particularly for the more complex N,N!-substituted
1A
thioureas. Jensen and Nielsen ‘ have proposed a general classific­
ation of the bands in thiourea and substituted thioureas. Other
workers who have published work including assignments, particularly
66 75for thiourea, are Rivest , Yamaguchi et al. , Swaminathan and
Irving*^, Stewart*^, Olliff^ and Gosavi et al.^
Bands observed in the 3300 cm’"'*' region are assigned to the
N-H stretching vibrations. These are usually not appreciably
shifted on coordination through sulphur, but may become sharper
if hydrogen bonding is reduced in the complex. Nhen coordination
is through nitrogen, these bonds are shifted to lower frequencies.
The band observed in the region 1400 - 1600 cm'"'*' (B-band
of Jensen and Nielsen) is considered by most workers to be
essentially a N-C-N antisymmetric stretching vibration, although
coupled with some NH^ rocking and C-S stretching vibrations. This
band (at 1476 cm""'*' in thiourea) is found to be very sensitive to
coordination through sulphur, shifting to higher frequencies.
This shift is ascribed to a greater contribution from the
canonical structures II and III when sulphur is coordinated, than
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exists in the free ligand.
H2H
H *r EJl
2 \
I ■ II III
The hands below 1400 cm-'*' are all considered to be hybrid
bands of the C-S stretching, 1T-C-1J stretching and ITH^  rocking 
vibrations, with unknown weightings. But the band found between
particularly sensitive to sulphur coordination, shifting to 
lower frequencies, and is consequently considered to be primarily 
a single bonded C-S stretching vibration.
The infra-red results for the thiourea and substituted 
thiourea complexes-reported here are given in Table 5*3 and in 
Figures 5*21 - 5«22.
The v(B-H) regions of the halide complexes with thiourea 
show no evidence for metal-nitrogen coordination. An additional 
band occurs in this region in the spectra of CrCl^.Btu and 
CrClg.2tu.acetone, but this is probably due to a reduction of 
hydrogen bonding in the complexes relative to the free ligand.
There are no significant shifts of any of the bands to lower frequ­
encies, which would be expected if nitrogen atoms were coordinated. 
The bands in the spectra of CrClp.2tu and CrCl^.2tu.acetone at 
1500 cm-'*' and 1492 cm-'*' respectively are probably the result of 
an increase in the frequency of the band at 1473 cm ■* in thiourea 
[jB-band, essentially antisymmetric v(iT—C—IT)], due to metal-sulphur 
coordination. Further evidence for metal—sulphur coordination is
600 and 800 cm  ^(G-band of Jensen and Nielsen) is found to be
TABLE 5.3
Infra-Red. Spectra of Chromium(ll) Thiourea 
and Substituted Thiourea Complexes . (cm
Thiourea
(tu)
CrCl^.Stu CrCl2.2tu. 
ace'tone
CrBr^ .d-tu Crl2.6tu
3370 s
3265 s 
3160 s
1610 s 
1473 m 
1411 s
1080 m
729 m 
629 w
489 m 
46O m 
412 m
3340 m 
3342 s 
3260 m 
3182 s
1625 s 
1610 s
1500 w
1395 m
1106 w
715 m 
707 m
613 m 
547 m 
480 m 
440 m 
412 v 
320 m
3380 s
3295 s
3260 s 
3170 s
1675 s
1625 s 
1607 s
1492 m 
1393 s
1240 ra 
1088 w
718 s
625 s
577 m 
553 m
472 m 
422 w 
410 w
295 S  
275 S
3345 m
3265 m 
3170 s
I63O m sh 
1610 s
718 m 
706 s
473 w
3370 m
3270 m 
3170 s
1600 s
1405 w
1075 w
720 s
470 w
275 W 262 m
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TABLI3 5c3 (corrtinued)
etu CrCl2.2etu CrBPg. 5etu Crl2*4etu
3280 m sh 3310 m 3360 m 3280 m h
3240 s 3240 m 3270
3190
m
s 3195 s.
1519 s 1529 s 1522 m 1522 s
1498 s 1519 s 14 99 s 1509 s
1480 w 1480 w 1480 17 1480 m
1308 m 1317 m 1310 m 1312 m
1273 s 1279 m 1278 s 1276 s
1205 s 1206 m 11981183
s
m
1200 m 
1190 m
1042 v  . 1033 17 1035 w 1035 w
1000 m 990 17 993 m 985 w
920 m 
678 in 
595 s
911
668
592
555
17
17
m
m
920
912
675
652
600
560
m
17
m
m
m sh 
s
918 17 
911 w
669 17 
651 17
600 ra 
558 ra
511 s 507 m 500 s 500 m
383 17 372 IT 370 ra
340 m
320 ra
360 17
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TABLE 5.3 (continued)
dctu CrCl2.dctu CrBr2•5dctu Crlg* 6-dctu
3363 17 sh 3300 17 sh 3300 17 sh
3295 s 3280
1584
s
s
3215 s
3260 s
1572 m
1552 s 1555 ra 1565 s I5.0O 17 sh
1502 S 1512 ra 1517 s 1512 s
1409 m
1340 m
1274 m 1283 17 1282 ra 1282 ra
1253 m 1262 ra 1255 17 ' 1257 17
1228 s 1240 m 1234 s 1233 m
1153 m 1150 ra 1152 II 1155 w
1109 17
983 m 980 m 980 s 983 ra
885 '■< 890 m 889 m 89O m
771 m 765 17 769763
ra
m 768 s
720 17 722 m 727 m 723 ra
593 -m 56O m 576 17 552 s
5 60 m 544 ra
400 17 409 17
335 w 350 m
315 m 306 s
260 ra
d
c
tu
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shown by the decrea.se in the frequency of the band at 629 cm’”'*'
—1in thiourea [G-band, essentially v(C-S)] to 613 cm*” in CrCl^Stu 
and to 625 cm-'*' in CrCl^^tu. acetone. But poorly resolved spectra 
were obtained for CrBr^^tu and Crl^.^tu, and consequently no 
assignments of the bands below 1700 cm’”'*' can be made with any 
certainty. The sharp, strong, band at 1675 cm’”'*' in CrCl^.2tu.acetone 
is due to the carbonyl stretching vibration in acetone. This has 
shifted from 1710 cm'”'*' in the free ligand, probably as a result 
of metal-oxygen coordination. The band at 1240 cm *■ is also due 
to acetone, corresponding to a coupled v(C-O) and v(C-C), at 
1220 crn”*'*' in the free ligand.
The H-H stretching regions of the etu complexes are more 
complicated (Figure 5«2l). Both CrBr^^ctu and Crl^^etu have 
a greater range of bands; (33&0 - 3190 cm”*") than are present in 
the free ligand (3280 - 3240 cm”*'*'). But it is difficult to 
decide whether this is the result of the appearance of further 
bands only (due to changes in the extent of hydrogen-bonding on 
coraplexation) or also the result of shifts of free ligand ba.nds to 
lower frequencies. If shifts to lower frequencies are present, 
then this would indicate that some metal-nitrogen coordination 
is present. The chloride complex CrCl^^etu has no bands at 
lower frequencies than are present in the free ligand.
Many of the bands in the etu complexes below 1600 cm "*■ are
slightly shifted or split relative to the free ligand bands.
-1 -] “1Three bands in etu (at 1519 cm , 1498 cm ' and 1480 cm ) are
within the B-band region (1600 - 1400 cm **"). Of these, the 
lowest frequency band does not change on complexation. However
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*fche two higher frequency hands increase in CrCl,,.2etu (to 1529 cm”'*' 
and 1519 cm "*■) hut do not change appreciably in CrBrp.5etu and 
Crl^.4ctu. This evidence supports the possibility of metal-sulphur 
coordination in CrCl^^etu, but not in the bromide and iodide. Too 
many bands occur in the other regions for any assignments to be 
considered.
. In the complexes with dctu similar problems of assignment 
exist (Figure 5»22). Again, in the 1T-H stretching region shifts 
to l'ower frequencies appear to be present in the spectra of the 
bromide and iodide (decreases of 80 cm”’*’ and 35 cm”'*' respectively) , 
with a less significant decrease for the chloride complex. (15 cm **■) . 
But the single band of the free ligand (3295 cm”***) is broad at 
its base, and therefore changes in the extent of hydrogen-bonding
on complexation may be responsible for the apparent shifts. The
—1 —1band at 1552 cm (B-band) in dctu splits in CrCl^.dctu (1584 cm .
and 1555 cm”'*'), broadens in CrBr^^dctu (centred at 1565 cm **■) 
and broadens with a shoulder in Crl^.^dctu (1572 cm” , I56O cm '"sh) , 
thus making deductions regarding the presence or absence of metal- 
sulphur coordination uncertain in all these complexes'.
The possibility that in a particular complex the ligands 
might be both N-bonded and S-bonded would help to account for 
the presence of additional bands instead of distinct shifts.
Doublet bands, which appear to correspond to single bands in the 
free ligand spectra, are present in the spectra of some of the 
complexes, particularly of the bromide and iodide etu and dctu 
complexes. But a further possibility, that some free ligand might 
be present in the lattice, would also account for the complexity 
of the spectra. Therefore no definite conclusions can be made
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concerning the mode' of coordination in the bromide and iodide 
complexes of etu and dctu. . But from consideration of tlie 2J-H 
stretching region alone, and assuming that shifts to lower 
frequencies are responsible for the low frequency bands in the 
complexes, the most likely complexes to contain some metal- 
nitrogen coordination are CrBr^^etu, CrBr^^dctu and Grlg^etu.-
Far Infra-Bed (400 - JO cm”-")
—1Results for part of this range (400 - 250 cm ) were obtained 
at low resolution on the Perkin Elmer 457 (Chapter 2), and are 
included in Table 5*3. Bands present in the chloride complexes 
CrClg.Rtu (at 320 cm”“), CrCl^^etu (at 320 cm*”'*') and CrCl^.dctu 
(at 315 cm”'*') are within the ‘normal1 range for v(Cr-Cl) [[Chapter 4[]« 
Therefore these bands are probably due to v(Cr-Cl) in the poly­
meric structures. However, CrBr^^&ctu exhibits a band at 306 cm ■*" 
(possibly due to v(Cr-S),but discussed below ) which makes the 
assignment of v(Cr-Cl) to the band at 315 cm "*“ in CrCl^'dctu less 
certain.
Far infra-red spectra of the complexes CrBr^.5cfu and 
CrBr^^dctu were recorded on the higher resolution interferometer 
(Chapter 2) in an attempt to decide whether bromide occupied the 
first coordination sphere of the metal ion. The spectra of the 
free ligands and the complexes are given in Table 5*4 and Figures 
5.23 and 5*24* No prominent bands, which are not also present in
the free ligand spectra, are within the normal v(Cr-Br) range (252 -
—1 —1 ,282 cm” ) . The strong band at 308 cm” in CrBr^^dctu (which
1presumably corresponds to the band at 306 cm” under low resolution)
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TABLE 5-4
Far Infra-Red (,cnf’\  low temperature)
etu CrBr^.^ctu dctu CrBr2.5dctu
412 m 402 s 408 s
400 w . 393 m •
388 w Oo 00 -H 386 w
377 w 376 s 371 w 370 w
360 m 361 m 361 m 352 s
338 s 341 m 345 w
316 w 324 v 334 m
306 w 308 w 308 s
287 -w 287 w 290 m 292 w
273 w 267 m 268 w
253 w 250 s •
228 w sh 230 s 
215 S
244 m
204 s 195 S 206 s 202 m
199 s 186 w
176 w
158 w :
142 m 144 S 149 w
129 V7 133 s 130 s 137 w
116 s 114 n i 114 s 111 mh
93 m 102 s
85 m
74 s 78 s 78 m 76 s
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would seem to be at- too high a frequency. The bands at 250 cnf"^
-1and 230 cm in CrBr^^etu probably correspond to the free ligand
-1 -1transitions at 253 cm and 228 cm 5 although they are appreciably 
stronger in the complex (Figure 5.23). But a further difficulty
arises since v(M -s) has been found to occur within the range 205 -
1 80 81 298 cm” for some other first row transition metals J . Consequ­
ently bands which are close to the normal v(Cr-Br) range will also 
be within the v(Cr-S) range. Ho conclusions could be drawn from 
the region below 200 cm"~\ where long bond v(Cr-Br) or deformation 
modes would be expected to occur.
- 137 -
CHAPTER 6
THE EFFECTS OF SOME REDUCING AGENTS OH COMPOUNDS 
OF CHROMIUM(ll) AITD CHROMIUM(ill) IH SOLUTION
INTRODUCTION
Molecular nitrogen, or nitrogeno-, complexes of a number 
of transition metals have been reported in the literature, as 
indicated below.
Kn Re Co Hi
Zr Nb Mo Tc Ru HThl Pd
Hf Ta ¥ Re Os ( lr| Pt
r- I 82. 82L 1form nitrogeno-complexes
The methods of preparation tend to be specific for each complex, 
but some general principles are apparent. General preparative 
reactions include (l) increase in the coordination number of a 
complex by addition of nitrogen, (2) displacement of a ligand in 
a complex by nitrogen, (3) decomposition of complexes which already 
contain two linked nitrogen atoms, one of which is coordinated to 
the metal (azides, diazo-compounds, hydrazine complexes and nitrous 
oxide complexes) and (4) the reduction of solutions of halides or 
acetylacetonates in the presence of substituted phosphines and 
nitrogen.
In an attempt to prepare a nitrogeno-complex of chromium, the 
fourth method has been used in this work. Since the majority of 
complexes of chromium(ll) have been prepared under nitrogen, any 
tendency for nitrogen to coordinate would probably have been 
observed previously. Also, the instability of complexes of chromium(ll) 
with phosphines, which it seems are important as co~ligands contrib­
uting to the overall stability of nitrogeno-complexes, may reduce 
the probability of the formation of a stable chromium(ll) nitrogeno-
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complex. Therefore chroraium(o) or chromium(l), with more fd.* 
electrons than chromium(ll), may he more suitable as metal sites 
in the formation of phosphine and nitrogeno-complexes.
It seems probable that unsuccessful attempts have been made 
to prepare nitrogeno-complexes of chromium, although no work has 
been published. Such attempts were probably made using the air 
stable chromium(lll) compounds as starting materials. Since d^  
systems are relatively kinetically inert, the more labile d^ 
system of chromium(ll) may be a more suitable starting material.
Speier et al?4 found that Go (Hg) (PPh ) was more readily prepared 
by the reduction of cobalt(ll) than cobalt(ill). This was thought 
to be due to the greater stability of an intermediate cobalt(il) 
hydride complex, but a similar condition could apply in the 
preparation of a chromium nitrogeno-complex.
EXPERIMENTAL
The reduction of solutions of chromium(ll) chloride, chromium(ll) 
acetylacetonate and chromium(lll) chloride has been investigated 
under nitrogen using the greaseless apparatus described in Chapter 2.
The preparations of chromium(ll) acetylacetonate and chromiurn(lll) 
chloride (anhydrous) are described below.
Tri(isobutyl)aluminium, obtained (Ralph IT. Emmanuel Ltd.) as 
a liquid in a cylinder under nitrogen pressure, was poured, under 
nitrogen, into glass tubes ana sealed off under reduced pressure 
(Figure 6.1). Attempts to distil the compound by warming under 
reduced pressure resulted in its decomposition into a volatile 
clear liquid and a black powdery solid, presumably butene and
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greaseless  tap
v ie w  from A
Figure 6.1. Apparatus for the anaerobic transference 
of tri(isobutyl)aluminium from the 
cylinder to glass tubes, which were then 
sealed off under partial vacuum.
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aluminium. The pure compound, when placed under vacuum, showed no 
detectable vapour pressure (as shown by no observable change in the 
manometer after isolation of the apparatus containing the compound 
from the vacuum pump).
The preparation of bis(acetylacetonato)chronium(ll)
85The preparation of this compound has been described previously 
but not by the method reported here86.
• Sodium hydroxide pellets (1.8 g.) were added to an aqueous 
solution of freshly distilled acetylacetone (5*0 g. in 20 ml.).
This mixture was added to an aqueous solution of chromium(ll) 
chloride (5*2 g. in 100 ml.), whence a yellow precipitate immediately 
formed. This was filtered off, washed with water and dried by 
pumping on it for three hours. It was found necessary to filter 
and dry the solid as rapidly as possible in order to prevent 
darkening of the product, probably due to oligomerisation. It 
was also observed that if the aqueous suspension was allowed to 
stand for twenty four hours, red crystals slowly began to separate 
and the yellow-brown solid redissolved. This is probably the 
result of oxidation, since chromium(lll) acetylacetonate is 
reported to be red .
The chromium(ll) acetylacetonate was obtained in apjrroximately 
50 $ yield.
87The preparation of anhydrous chromium(lll) chloride
Chromium(lll) chloride hexahydrate (25 g.) was placed in a 
250 ml. three-neck round bottomed flask. Purified thionyl chloride 
(75 ml.) was slowly added. After the effervescence had ceased, the 
mixture was refluxed for three hours, leaving a violet solid.
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The excess thionyl chloride was removed by distillation under 
reduced pressure using a nitrogen ‘bleed1. The solid was then 
heated until it appeared dry and, after cooling, was transferred 
to a vacuum desiccator containing a mixture of anhydrous calcium 
chloride and potassium hydroxide pellets.
REACTIONS TflTH REDUCING AGENTS
1. Reduction by sodium benzophenone-ketyl
Introduction : Chromium hexacarbonyl^has been prepared
previously by heating chromium(lll) benzophenone-ketyl in THF
o 88to 100 C under carbon monoxide at 200 atmospheres pressure , It
was hoped that a phosphine or phosphine and nitrogeno-complex 
might be isolated from a mixture of the lcetyl with phosphine 
under nitrogen. Owing to a lack of facilities, this could not 
be investigated at high pressures. But if the high pressure used 
in the preparation of the hexacarbonyl was mainly necessary in 
order to increase the solubility of the carbon monoxide in THF. 
such conditions might not have been necessary when using solid 
phosphines.
Experimental : Benzophenone (12.7 g») was dissolved in
THF (250 ml.), and placed in a 500 ml. round bottomed three—neck 
flask. The apparatus was flushed out with nitrogen and then left 
under a stream of nitrogen which passed out through a reflux 
condenser. Sodium sand under xylene (1.6 g. under 5 ml.) was 
gradually added from a dropping funnel. When all the sodium had 
been added, the mixture was carefully heated and the solvent 
maintained at a slow reflux. The solution rapidly turned a deep
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blue, accompanied by a brisk evolution of a gas, After one hour, 
when the effervescence had ceased, the deep blue liquid was 
cooled.
Anhydrous chromium(lll) chloride (3.5 g*) was rapidly added 
to the blue liquid, which immediately turned yellow and then 
yellow-green. The resulting viscous liquid was added to a 
solution of triphenyl-phosphine in THF (containing 6 moles of 
phosphine per mole of GrCl^) under nitrogen. The mixture was 
boiled for twenty minutes, but no change was apparent. Concentr­
ation of the mixture produced a dark viscous oil, from which no 
product could be isolated.
2. Reduction by tri(isobutyl)aluminium
Introduction ; Complexes of cobalt(o), nickel(o), nickel(l)
and molybdenum(o) with molecular nitrogen and substituted phosphines
have been prepared by other workers by addition of tri(isobutyl)-
aluminium or di(ethyl)aluminium ethoxide to mixtures of the
metal acetylacetonates and substituted phosphines in solution.
. 84,89,90
The complexes crystallised on standing and/or cooling • It was
found that they could only be isolated when particular solvents
89and phosphines were used. Srivastava and Bigorgne found that
the complex ITiH^ 'Jg) (PSt^ ) ^ could only be prepared with triethyl-
phosphine and when diethylether was used as the solvent for the
reaction mixture. Oils resulted when either triphenylphosphine
or ethyldiphenylphosphine was used, and also when either toluene,
THF, pentane or hexane was used with triethylphosphine. Similar
90
difficulties were reported by Hidai et al. , who found that 
nitrogeno-complexes of molybdenum could only be prepared with
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' triphenylphosphine or 1,2—bis(diphenylphosphino)ethane in toluene.
In this work, the suitability of tri(isobutyl)aluminium as 
a reducing agent was first investigated by its addition to chroinium(ll) 
chloride in THF without phosphine.
Experimental (l) : Chromium(ll) chloride monotetrahydro-
furanate (0.62 g., 0.0003 mole) was dissolved in THF (100 ml.).
Tri(isobutyl)aluminium in THF (3*6 g., 0.18 mole, in 25ml.) was 
•added dropwise. The blue halide solution immediately turned 
dark brown, but no further change occurred on cooling or standing 
for five days. A second sample of tri(isobutyl)aluminium (3.6 g.) 
was added, which produced a further darkening of the solution.
Addition of a few millilitres of the mixture to water caused a brief 
rapid effervescence, and left the water cloudy but colourless.
Results and discussion : The absorption spectrum of the
brown solution formed by addition of the first 3.6 g. of tri-
(isobutyl)aluminium showed an intense band in the ultraviolet
-1
which stretched to about 20,000 cm in the visible region
(probably a charge transfer band). An additional relatively
-1weak band was present at 12,200 cm . Since CrCl^.THF in THF
. exhibits one band at this frequency, it seemed probable that
-1 2+ the band at 12,200 cm was due to unreduced Cr . Aerial
oxidation of the solution resulted in the disappearance of this
weak band and the appearance of a similarly intense band at
-1 -1155400 cm , and a weak shoulder at 21.000 cm • Similar bands
appeared on oxidation of CrCl^.THF in THF (Chapter 3).
The addition of the second 3.6 g. of tri(isobutyl)aluminium 
caused a further extension of the charge transfer band into the
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visible region (to approximately 10,000 cm’*'1'). A shoulder was 
present at about 12,000 cm and this disappeared on exposure to 
air. Therefore it appeared that even this large excess of tri-
(isobutyl)aluminium (approximately 12 moles of reducing agent per
\ 24-mole of CrCl^) was insufficient to reduce all the Cr
The lack of any apparent colouration after addition of a
24-sample of the reaction mixture to water suggested that no Cr
34*or Cr species were present. But since it was not possible to 
estimate the concentration of chromium in the aqueous solution, 
this conclusion is very ■uncertain. The initial effervescence 
indicated that either excess tri(isobutyl)aluminium was present, 
or perhaps that it was still capable of reacting with water in a 
partially oxidised state.
Experimental (2) : Similar procedures to (l) were carried
out using excess of the reducing agent, but in addition either 
triphenylphosphine or 1,2-bis(diphenylphosphino)ethane was added 
to the reaction mixtures before addition of tri(isobutyl)aluminium. 
Similar brown colourations were produced when the reducing agent 
was added. No further changes occurred on standing (for 48 hours) 
or on cooling.
Concentration of the reaction mixtures left viscous brown 
liquids from which no products could be isolated. When triphenyl­
phosphine was present, a fine black powder was observed in the 
concentrated mixture, but this was too fine to be isolated by 
filtration.
Results and discussion : The absorption spectra of the
reaction mixtures were found to be similar to that obtained from 
the reaction mixture of experiment (l), which contained no 
phosphine. Thus there was no evidence to suggest that the presence 
of the phosphine had altered the reaction.
. The fine black powder resembled the solid decomposition 
product of tri(isobutyl)aluminium, and was probably aluminium.
It seems probable that concentration of the mixture had decomposed 
some of the excess reducing agent.
Experimental (3) : Chromium(II) acetylacetonate (0.8 g.) 
and triphenylphosphine (5*1 £•) were dissolved in THE (100 ml,), 
forming a dark red-brown solution. Tri(isobutyl)aluminium in 
.THE (3*3 g. in 100 ml.) was added aropwise to this mixture. Ho 
change was observed either during the addition of the reducing 
agent, or on standing.
The mixture was concentrated to.approximately 50 ml., and 
then cooled in liquid nitrogen. This caused the crystallisation 
of a small quantity of a white solid, which redissolved on warming 
to room temperature.- Evaporation to dryness left a Hret1 looking 
black mass which contained some white crystals. Attempts to 
extract a product with either toluene or benzene were unsuccessful.
Results and discussion : As a result of extensive obscuring
of the visible region of the spectrum by charge transfer bands, 
no conclusions could be drawn from investigation of the solution 
spectra. The low frequency side of the charge transfer bands 
of the reaction mixture showed very little evidence of any 
shoulders.
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(3) Other reducing agents
Metallic sodium ; A mixture of CrCl^.THP in THP and excess 
sodium sand was refluxed for one hour. No change was observed.
Sodium borohydride : An ethanolic solution of ITaBH^  was added
to a solution of chromium(ll) chloride tetrahydrate in ethanol and
2,2-dimethoxypropane. A dark yellow-green gelatinous precipitate
formed immediately and the mixture slowly effervesced, indicating
2+-that oxidation of Cr had taken place.
CONCLUSIONS
Since the preparation and isolation of nitrogeno-complexes 
of many transition metals has been found to require very specific 
conditions, the failure to prepare a chromium complex may only be 
due to the failure to find the right conditions ; in particular the 
right phosphine and solvent. If nitrogeno-complexes (the majority 
of which contain phosphines as co-ligands) owe their stability, at 
least in part, to the presence of the phosphines, then the existence 
of a stable phosphine complex may be a prerequisite to the format­
ion of a nitrogeno-complex. Metals which form stable nitrogeno- 
complexes usually also form stable phosphine complexes.
It would therefore seem advisable to isolate a stable phosphine 
complex first, and then to attempt to introduce a molecule of 
nitrogen into the complex. It may be possible to isolate a phosph­
ine complex of chromium(ll) provided the right phosphine is found. 
The stability of many phosphine complexes of the more Class B 
transition metals has been attributed to ^ ^ligand bonding.
Therefore the instability of chrornium(l±) phosphine complexes may
• j 2+be due to the relatively feu d electrons, present in Cr , available 
for such ’back-donation'. Consequently the stability of any 
ohromium(ll-) phosphine complexes will depend more 011 the basic 
strength of the phosphine. Since chelation confers a greater 
stability on a complex compared to a complex containing the same 
donor unidentate ligands, the most suitable phosphines would be 
multiaentate and alky1-substituted. However the majority of 
stable nitrogeno-complexes contain the less basic aryl-substituted 
phosphines as co-ligands.
An alternative procedure would be toj prepare chromium(o) 
phosphine complexes for use as starting materials (these have been 
prepared from Cr(CO)^ ), and then to attempt to introduce a nitrogen 
molecule into the complex. However, such reactions may be found 
to require high pressure techniques, as are required in the prep­
aration of both Cr(CO)^ and the phosphine complexes prepared from 
Cr(CO)g.
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